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ABSTRACT
Harmful algae can illicit adverse effects on aquatic and human health through
various mechanisms, including through the production of bioactive compounds called
phycotoxins. In the Chesapeake Bay, the largest estuary in the United States, little
information was known about the distribution of phycotoxins, even though this region is
known to harbor 37+ different species of harmful algae. Due to the presence of multiple
species that can produce distinct groups of phycotoxins, a multi-toxin approach was taken
to study this region. Two methods for the quantification of 13 phycotoxins (microcystinRR, -LR, YR, azaspiracid-1, -2, karlotoxin 3, goniodomin A, yessotoxin, brevetoxin-2,
pectenotoxin-2, okadaic acid, dinophysistoxin-1, and -2) in a single sample were
developed using novel technology: ultra-performance liquid chromatography coupled to
tandem mass spectrometry equipped with a trapping dimension and at-column dilution.
This instrumentation allows for high-volume (up to 1 mL) injections of extracts in 100%
organic solvents, reducing time and labor normally required for sample preparation steps
and resulting in low limits of detection compared to current literature values. To evaluate
the distribution of these phycotoxins and their causative species in the environment, a
field study was carried out at 12 sites in the lower Chesapeake Bay between May 2017
and June 2018. Solid Phase Adsorption Toxin Tracking (SPATT), a passive sampling
technique for dissolved phycotoxins, was used throughout the field study. The resulting
dataset allowed for a spatiotemporal comparison of these compounds across the region.
Surface water samples were also enumerated by light microscopy to compare toxin
amounts to the presence of harmful algal cells, and environmental parameters (e.g.
temperature, salinity) were evaluated over the course of the study to determine if any
correlations existed with toxin data. Before samples could be analyzed, a method suitable
for the extraction of multiple toxins from SPATT resin (Diaion® HP-20) was developed.
The developed multi-toxin methods for extraction and quantification were then applied to
SPATTs collected during the field study, and additional analyses for domoic acid were
performed using enzyme-linked immunosorbent assays. Out of 15 toxins analyzed for, 8
were detected in this region: microcystin-LR, azaspiracid-1, azaspiracid-2, goniodomin
A, pectenotoxin-2, okadaic acid, dinophysistoxin-1, and domoic acid. This study marks
the first report of azaspiracids in Chesapeake Bay, and is among the first to report domoic
acid in this region. While multiple toxins were present in samples from all 12 sites
throughout the study period, harmful algae were sparse in corresponding water samples.
This finding stresses the usefulness of passive sampling, a method that provides an
integrated measurement of trace amounts of toxin present in the water column. The
results from this study show that multiple phycotoxins, spanning both salt- and freshwater origin, are present throughout the lower Chesapeake Bay. This region, however,
does not see recurring seafood harvest closures or human health illnesses due to
phycotoxin contamination, suggesting that amounts of these compounds are currently low
enough to avoid major human health implications. The potential for low-level chronic
exposure remains possible, and these results highlight the importance of considering the
effects of chronic exposure to environmental contaminants.
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Spatial and Temporal Distribution of Phycotoxins in Lower Chesapeake Bay:
Method Development and Application

GENERAL INTRODUCTION
1. Harmful Algae and Phycotoxins
Phytoplankton, or algae, are naturally occurring microscopic organisms that
reside in fresh, brackish, and marine waters. Phytoplankton blooms occur when algal
biomass rapidly increases, often serving important ecosystem functions such as
producing oxygen through photosynthesis and providing the foundation for the aquatic
food web. Blooms of certain species and/or of extremely high cell concentrations,
however, can have detrimental effects and are thus referred to as harmful algal blooms
(HABs). Some adverse impacts of HABs on the environment include unpleasant odor,
water discoloration, and a decrease in light penetration reaching submerged aquatic
vegetation (Landsberg 2002). Microbial degradation of the excess organic material in
bottom waters can also lead to low dissolved oxygen levels, inciting hypoxia or anoxia
and subsequent oxidative stress on benthic infauna (Landsberg 2002). Some HAB species
can also produce bioactive compounds, or phycotoxins (Landsberg 2002, Visciano et al.
2016). Phycotoxins have the potential to cause a range of deleterious effects, including
mass mortalities of both wild (Landsberg 2002) and domestic animals (Falconer 1999).
Other effects of these compounds on aquatic organisms include lethargy or paralysis,
reduced grazing, and altered or inhibited growth and development (Landsberg 2002).
Humans are also susceptible to adverse effects upon exposure to phycotoxins
(Visciano et al. 2016). Syndromes such as diarrhetic shellfish poisoning (DSP),
azaspiracid shellfish poisoning (AZP) paralytic shellfish poisoning (PSP), amnesic
shellfish poisoning (ASP), and neurotoxic shellfish poisoning (NSP) can result from
acute phycotoxin exposure through the consumption of seafood contaminated with toxin
(Visciano et al. 2016). Ingestion of contaminated drinking water (Falconer 1999),
2

respiration of aerosolized compounds (Pierce and Henry 2008), and recreational or
occupational exposure (Falconer 1999) can also impact human health.
Diarrhetic shellfish poisoning (DSP) occurs in humans after the consumption of
shellfish contaminated with okadaic acid (OA) and/or its derivatives (dinophysistoxins,
DTXs) (Visciano et al. 2016). These polycyclic ether compounds are known inhibitors of
protein serine/threonine phosphatases, causing acute symptoms such as nausea, vomiting,
and abdominal cramps (Dounay and Forsyth 2002). Okadaic acid is also a known tumor
promoter in mice (Suganuma et al. 1988) and has shown additional effects with chronic
exposure studies (Valdiglesias et al. 2013), but this activity is unknown in humans.
Dinoflagellate species of Dinophysis and Prorocentrum are known producers of these
phycotoxins, and populations of these species can be found worldwide (Ignatiades and
Gotsis-Skretas 2010; Moita et al. 2016; Singh et al. 2014; Yaumoto et al. 1980; Pitcher et
al. 2011; Harred and Campbell 2014; Hattenrath-Lehmann et al. 2013; Villalobos et al.
2015; Ajani et al. 2016; MacKenzie et al. 2005).
Azadinium spp. and Amphidoma linguida can produce azaspiracids, polycyclic
ether compounds responsible for azaspiracid shellfish poisoning (AZP), another human
illness. The first AZP outbreak occurred in the Netherlands in 1995 after the consumption
of shellfish sourced from Killary Harbor, Ireland (Twiner et al. 2008). Azaspiracids are
cytotoxic, thought to act mainly on the liver and small intestine causing gastrointestinal
problems upon the consumption of contaminated shellfish (Twiner et al. 2008). Since
their discovery after the 1995 outbreak, azaspiracids have continued to accumulate in
shellfish in Ireland, but they have also been found in other coastal regions of western
Europe (Magdalena et al. 2003), northwest Africa (Taleb et al. 2006), eastern Canada
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(Twiner et al. 2008), Chile (Alvarez et al. 2010), China (Gu et al. 2013) and on the US
west coast (Trainer et al. 2013).
Paralytic shellfish poisoning (PSP) occurs upon consumption of seafood
contaminated with various derivatives of saxitoxin (STX) and gonyautoxin (GTX),
hydrophilic alkaloids produced by multiple genera of both freshwater cyanobacteria (e.g.
Dolichospermum (Anabaena), Cylindrospermopsis) and marine algae (e.g. Alexandrium,
Gymnodinium) (Pearson et al. 2010; Visciano et al. 2016). These compounds block
voltage-gated sodium channels and can cross the blood-brain barrier, leading to central
nervous system effects such as numbness, paralysis, and respiratory failure (Tarnawa et
al. 2007). Algal species that produce PSP toxins are found in freshwater lakes and
brackish and marine waters throughout the world (Anderson 2003; Horner et al. 1997;
Loftin et al. 2016; Kleinteich et al. 2013; Kaas and Henriksen 2000; Belykh et al. 2015;
Smith et al. 2012).
Amnesic shellfish poisoning (ASP) occurs with the consumption of seafood
contaminated with domoic acid and/or its isomers (Visciano et al. 2016). Produced by
multiple species within the genera Pseudo-nitzschia and Nitzschia, domoic acid has a
cyclic amino acid backbone containing two additional carboxylic acid groups. Its amino
acid structure gives this compound strong affinity for glutamate binding receptors in the
central nervous system, causing an excessive influx of calcium into the cell that
ultimately leads to cell death (Pulido 2008). Symptoms of ASP can range from
gastrointestinal issues to memory loss and death (Visciano et al. 2016). Cases of ASP
have been reported mainly in North America and high toxin prevalence has incurred
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widespread impacts on wildlife (Lefebvre et al. 1999; Landsberg 2002; Lefebvre et al.
2012).
Neurotoxic shellfish poisoning (NSP) occurs upon exposure to brevetoxins,
polyether ladder compounds produced by the marine dinoflagellates Karenia brevis and
some raphidophytes (e.g. Chattonella). Blooms of K. brevis occur nearly annually in the
Gulf of Mexico, largely affecting the west coast of Florida (Brand and Compton 2007). In
rare cases, however, K. brevis blooms have developed on Florida’s Atlantic coast
following the export of K. brevis cells around the peninsula (Tester et al. 1991). Karenia
blooms have also been documented in the coastal waters of New Zealand (Visciano et al.
2016). NSP occurs through the consumption of contaminated seafood, but the inhalation
of aerosolized compounds also promotes adverse health impacts (Pierce and Henry 2008).
Symptoms of NSP are widespread, from gastrointestinal issues and seizures to paralysis
and death, while inhalation causes respiratory problems (Visciano et al. 2016).
In addition to these five human poisoning classifications, there are other human
and animal illnesses that can result from phycotoxin exposure. Exposure to freshwater
cyanobacterial toxins, such as microcystins, through the consumption of contaminated
food or drinking water or through recreational exposure can cause human health effects
such as skin irritation, respiratory issues, and liver toxicity (Falconer 1999), with chronic
exposure potentially promoting tumor formation (Nishiwaki-Matsushima et al. 1992).
Pectenotoxins (Dinophysis spp., Prorocentrum spp.) and yessotoxin (multiple species)
were initially suspected to produce DSP-like symptoms as well, and although they are
both still regulated in shellfish in the European Union (European Community 2013), their
roles in human toxicity have since come under doubt (Visciano et al. 2016); these two
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phycotoxins are not currently regulated in the US. In addition to domoic acid and
brevetoxins, wildlife impacts can occur through exposure to other phycotoxins:
karlotoxins (Karlodinium spp.), (Deeds et al. 2006; Stoecker et al. 2008; Galimany et al.
2008), goniodomin A (Alexandrium monilatum) (Marshall 1996, May et al. 2010,
Harding et al. 2009, Pease 2016), or through the production of reactive oxygen species
(e.g. Chattonella spp., Margelefidinium polykrikoides) (Marshall et al. 2003; Kim et al.
1999) and hypoxic/anoxic conditions upon microbial degradation of bloom material
(Landsberg 2002).
2. Complexity and Co-occurrence of Phycotoxins
Phycotoxins include a complex suite of bioactive compounds. They span a wide
range of polarities, including hydrophilic compounds like domoic acid (Pseudo-nitzschia
spp.), amphipathic compounds such as karlotoxins (Karlodinium veneficum), and highly
lipophilic compounds like brevetoxins (Karenia brevis), with varying modes of toxicity
and levels of impact. Many phycotoxin classes include congeners, precursors, and/or
metabolite derivatives that vary in polarity and toxicity as well (Abraham et al. 2006;
Suzuki et al. 2004). To add to the complexity, the same phycotoxin can be produced by
multiple algal species, even different taxonomic groups (Hackett et al. 2013;
Krishnamurthy et al. 1986; Sivonen 1996), toxin profiles can vary within a species (Fux
et al. 2011), and production may change over the course of a bloom and vary by region
(Bachvaroff et al. 2008; Fux et al. 2011; Landsberg 2002). These complexities present a
challenge for understanding and managing the distribution of these toxic compounds in
seafood or the environment.
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Although phycotoxins are placed into classes based on their causative species,
toxicity, and/or polarity, these groupings do not necessarily correlate with physical
boundaries in time and space. The global expansion in range and frequency of harmful
algal blooms (Hallegraff 2010; Glibert et al. 2014) emphasizes the need for multi-toxin
quantification methods for systems with co-occurring harmful algae or algal species with
their own diverse toxin profiles. Research regarding the co-occurrence of harmful algal
species and/or their associated phycotoxins has recently expanded, and such events have
now been documented in various regions throughout the world. Multiple phycotoxins
(domoic acid, okadaic acid, brevetoxin) were found in bottlenose dolphins after a mass
mortality event in the Gulf of Mexico (Fire et al. 2011), and shellfish with both DSP and
PSP toxins have been found in Chile (Garcia et al. 2004). Similarly, DSP and PSP toxins
were both found in shellfish from the Long Island Sound, NY (Hattenrath-Lehmann et al.
2013).
Additionally, the salinity gradient in estuaries and along coastal zones presents an
increased probability for the co-occurrence of phycotoxins produced by harmful algal
species found in both freshwater and marine environments. In San Francisco Bay, CA,
DSP, PSP, and ASP toxins as well as freshwater phycotoxins, microcystins, were found
concurrently in both the water and in the shellfish (Peacock et al. 2018). Similarly, the cooccurrence of marine and freshwater toxins has been documented in southwest Florida
(Rosen et al. 2018) as a result of excess water from flooding in Lake Okeechobee being
released into the Atlantic Ocean, bringing with it cyanobacterial cells and cyanotoxins.
Additional examples of this phenomenon have occurred in the southern Adriatic coast in
Italy (Rita et al. 2014) and Puget Sound, Washington (Preece et al. 2015). These very
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recent co-occurrence studies emphasize the importance of screening samples for the
presence of multiple phycotoxins produced by various freshwater and marine harmful
algal species.
3. Management, Analyses and Technology
Due to their potential for negative health effects in humans, phycotoxins and/or
the species that produce them are often monitored for in edible tissue, drinking water, and
the environment. Although many sampling techniques and laboratory analyses exist for
determining phycotoxin concentrations, specific regulations exist for the management of
marine and freshwater regions impacted by HABs and phycotoxins.
In the United States, the Food and Drug Administration (FDA) provides legal
regulations to ensure the safety of all foods, including seafood products. Requirements
for shellfish safety fall under the National Shellfish Sanitation Program (NSSP), a
program recognized by the FDA and the Interstate Shellfish Sanitation Conference
(ISSC) that includes multiple agencies such as FDA, EPA, and NOAA and provides a
biannual Guide for the Control of Molluscan Shellfish (NSSP 2017). This guide details
the regulations and responsibilities required to test shellfish for many human health risks,
including HAB toxins. In growing areas known to harbor high levels of toxic HAB
species or past illness outbreaks of PSP, ASP, NSP, DSP, and/or AZP, regulations require
states to develop a marine biotoxin management plan. This plan implements routine
sampling and testing of water and shellfish during harvest periods in the affected growing
areas. States are advised to also have a local biotoxin contingency plan in the case of an
emerging HAB species or unprecedent illness outbreak of PSP, ASP, NSP, DSP, and/or
AZP in areas without a history of closures or outbreaks. If threshold levels are met or

8

exceeded, closures are put into place until appropriate reopening criteria are met.
Reopening criteria require the analyses of consecutive shellfish samples across multiple
days, by approved methods, that confirm toxins are below the threshold toxin limits in
edible meat. Approved methods for the processing and testing of shellfish are listed in the
document and include the mouse bioassay for NSP and PSP, the Receptor Binding Assay
for PSP, PCOX for PSP, LC-MS/MS for DSP, and HPLC for ASP. Although these
specific methods are required for reopening harvesting areas, other sampling and analyses
methods may be used within monitoring programs to provide additional, complementary
information to the state agencies tasked with adhering to these requirements.
There are many different sampling and analytical techniques that are commonly
used for the quantification of cells and phycotoxins in HAB research. For the
determination of cell abundances, water samples can be enumerated by light microscopy
(Guillard et al. 2005), sandwich hybridization (Zhen et al. 2009) or other labeling
techniques (Reiter 1997), flow cytometry (Marie et al. 2005), or additional advanced
technologies, e.g., the Imaging Flow Cytobot (Olson and Sosik 2007). Samples may also
be filtered, extracted for DNA, and quantified by qPCR if primers are available (Coyne et
al. 2005).
For phycotoxin analysis, whole- or filtered-water samples can be extracted for
phycotoxins of interest, and extracts can be analyzed for phycotoxin concentrations using
a wide range of bioassays and chromatographic techniques. Liquid chromatography may
be coupled to a wide variety of detectors including mass spectrometry (LC-MS) (Niessen
2006) and photodiode arrays (LC-DAD) (Tracqui et al. 1995) for phycotoxin analysis.
Many bioassays have also been developed for the detection of various phycotoxins
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including enzyme linked immunosorbent assays (ELISAs) for domoic acid (Smith and
Kittx 1998), PSP toxins (Chu et al. 1985; Usleber et al. 1991), NSP toxins (Naar et al.
2002) and microcystins (Carmichael and An 1999); receptor binding assays, e.g., protein
phosphatase inhibition assays for DSP toxins (Tubaro et al. 1996) and microcystins
(Carmichael and An 1999); and a radioimmunoassay for NSP toxins (Poli and Rein
1995).
For the ASP toxin domoic acid, ELISAs can be used as a quantification method
for both water samples and shellfish (Garthwaite et al. 1998; Kleivdal et al. 2007). The
domoic acid ELISA kit produced by Onsite Technologies (Eurofins Abraxis) is a direct
competitive antibody-based assay (Kohl and Ascoli 2017). Mouse anti-domoic acid
antibodies are bound by any domoic acid present in a sample or standard. A domoic acidenzyme-conjugate solution, when added to the sample, binds to any remaining antibodies.
A substrate is added to produce color that varies in intensity with the number of
antibodies bound to the enzyme-conjugate solution, i.e. color intensity is inversely
proportional to the amount of domoic acid present. Using a standard curve,
concentrations can be determined based on the color signals.
Solid Phase Adsorption Toxin Tracking (SPATT) is a low-cost, user-friendly
sampling tool for phycotoxins developed first by MacKenzie et al. 2004. Since its
introduction into the field, SPATT has been applied to a wide range of phycotoxins
(Roue et al. 2018) including domoic acid (Lane et al. 2010), DSP toxins and PTX2 (Fux
et al. 2009; Rundberget et al. 2009; McCarthy et al. 2014), PSP toxins (Lane et al. 2010),
azaspiracids (Fux et al. 2009; Rundberget et al. 2009), and microcystins (Kudela 2011),
among others. SPATT is a passive sampling technique in which a resin, e.g., Diaion®
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HP-20, is encapsulated in a bag or device (e.g. sandwiched between two pieces of 100μm mesh and secured to an embroidery hoop). These passive sampling devices are then
deployed and left in the water over a period of time (1-4 weeks), allowing the resin to
accumulate dissolved phycotoxins from the water throughout the deployment. This
passive sampling method provides an integrated, qualitative measure of dissolved toxins
that were present in the environment at some point over the deployment period.
Combining cell counts and SPATT data can provide an overview of what harmful algal
species were present and whether they were actively producing phycotoxins over a given
period of time.
Multiple resins have been tested for use in SPATT, and Diaion® HP-20 is
consistently the most versatile (MacKenzie et al. 2004; Fux et al. 2008; Lane et al. 2010;
McCarthy et al. 2014; Zendong et al. 2014; Hattenrath-Lehmann et al. 2018). Typically,
SPATTs are extracted using methanol (MacKenzie et al. 2004; Fux et al. 2008; Lane et
al. 2010; Kudela 2011), but other organic solvents such as acetonitrile (HattenrathLehmann et al. 2018) and isopropyl alcohol (Turrell et al. 2007) have been used for
certain toxins and/or tested for extraction efficiency. Methods for extraction include
filtration via a vacuum manifold (Fux et al. 2008) or submersion and agitation in solvent
(Hattenrath-Lehmann et al. 2018). For most phycotoxin analysis methods (i.e. LC-MS,
ELISAs), organic SPATT extracts would then be diluted or dried down and reconstituted
in an appropriate amount of water for compatibility with detection methods.
The phycotoxin quantification method of choice depends on the objective (i.e.,
research or management), matrix (i.e., shellfish, water, SPATT, filter), compounds of
interest, and available assays, instrumentation, and training, e.g., LC-MS requires
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advanced instrumentation and technical training. Given the documented co-occurrences
of phycotoxins across multiple regions (Garcia et al. 2004; Rundberget et al. 2009; Fux et
al. 2009; Fire et al. 2011; Chen et al. 2016; Chen et al. 2017; Hattenrath-Lehmann et al.
2018; Peacock et al. 2018), multi-toxin quantification methods are desirable.
While robust, sensitive, mass spectrometry methods have developed for toxins
produced by harmful algae, these methods are often developed for a single compound or
class of similar compounds (Lawton et al. 1994; Hua et al. 1995; Suzuki and Yasumoto
2000; Amandi et al. 2002; Ciminello et al. 2002; Furey et al. 2003; Suzuki et al. 2003;
Paz et al. 2007; Wang et al. 2007; Bachvaroff et al. 2008; Xu et al. 2008; Mekebri et al.
2009; Gallo et al. 2009; Louppis et al. 2010; Halme et al. 2012; Krock et al. 2018). For
the analysis of multiple phycotoxins, LC-MS methods are often necessary to encapsulate
the wide range of target analytes in a single sample. A more limited number of LC-MS
methods have been developed for the co-detection of multiple marine and freshwater
phycotoxins in a single sample (Dahlmann et al. 2003; Chen et al. 2016; Rodriguez et al.
2018; Zendong et al. 2015). None, however, have included the full suite of marine and
freshwater phycotoxins, with zwitterionic, amphipathic, and lipophilic properties,
expected in Chesapeake Bay (Tango et al. 2002; Thessen and Stoecker 2008; Tango and
Butler 2008; Harding et al. 2009; Bachvaroff et al. 2009), likely co-occurring over space
and time (Glibert et al. 2001; Marshall and Egerton 2009). Additionally, improved
detection limits would aid in identifying trace levels of co-occurring phycotoxins in a
complex environmental matrix.
When analyzing compounds by traditional LC-MS, however, instrument detection
limits (IDLs) are constrained by the sensitivity of the mass spectrometer. To surpass
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IDLs, many methods include sample preparation steps (e.g., solid phase extraction, drydown and reconstitution) that concentrate an environmental sample before instrumental
analysis, requiring extra labor and time, and introducing sources of error. The use of
ultra-performance liquid chromatography coupled to tandem mass spectrometry (UPLCMS/MS) with a trapping dimension (trap) and at-column dilution (ACD) has the potential
to surpass IDLs while also eliminating the need for these laborious sample preparation
steps (Mallet and Botch-Jones 2016). Using this technology, injections of samples in
100% organic solvent are possible, allowing for the direct analysis of organic SPATT
extracts and improving phycotoxin stability by reducing aqueous degradation or
precipitation.
UPLC-MS/MS with trap/ACD requires additional pumps, valves, loading and
dilution solutions, and a trapping column to first concentrate analytes of interest before
separation and detection. This fully automated process is packaged by Waters Inc. as
Waters Acquity 2D LC Technology. In practice, the organic sample is injected and
brought to a 50-μL mixer at 0.1 mL/min by the aqueous loading phase. The aqueous
diluting phase flows at 2 mL/min directly into this mixer, allowing for a 20:1 dilution
ratio of aqueous phase to organic solvent. This mixed solution then flows to the trapping
column, where compounds partition from the aqueous to the stationary phase of the
column. The addition of the trapping column allows for higher injections of sample (up to
1 mL) compared with traditional UPLC methods (1-10 µL). Once the full injection
volume has been loaded onto the trapping column, a switch in valve positioning changes
the direction of flow, and the traditional gradient of organic and aqueous mobile phases
are sent through the opposite end of the trapping column, through to the analytical
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column, where compounds are separated and subsequently detected by mass
spectrometry.
4. Phycotoxins in the Chesapeake Bay
Estuaries, like Chesapeake Bay, are complex ecosystems, ranging widely in their
physical and biogeochemical regimes and roles as important economic and recreational
resources (Lipton and Hicks 1999; Morgan and Owens 2001; Massey et al. 2017).
Chesapeake Bay is a highly productive system, holding important ecological value as a
nursery habitat for many Atlantic fisheries (Heck and Thoman 1984; Grubbs 2001;
Harding and Mann 2001; Seitz et al. 2005; Grubbs et al. 2007). In general, estuaries are
highly productive areas due to the ability for diverse groups of primary producers,
including phytoplankton, to sustain high rates of primary production (Underwood &
Kromkamp 1999). Phytoplankton growth requires optimal temperatures and sufficient
supplies of nutrients, light, inorganic carbon, and in some cases organic carbon or prey
(Rhee and Gotham 1981; Riebesell et al. 1993; Sunda and Huntsman 1997; Jakobsen et
al. 1997; Kim et al. 2008). Chesapeake Bay is a eutrophic system receiving excessive
inputs of nutrients and organic matter from its vast watershed (Kemp et al. 2005). In the
warmer months when temperature and light requirements are met, phytoplankton growth
and blooms occur throughout Chesapeake Bay (Marshall 1996). Over 1400 species of
phytoplankton have been identified in Chesapeake Bay (Marshall et al. 2005), and the
annual productivity of this region is estimated to be ~300-500 g C m-2 yr-1 (Harding et al.
2002). While many of these phytoplankton contribute to this high productivity and serve
as the base of the food web in the Chesapeake, this region also harbors a subset of
phytoplankton species with the potential for deleterious impacts (Marshall et al. 2009).
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At least 37 harmful algal species have been reported in Chesapeake Bay (Marshall
et al. 2009), including those responsible for closures due to elevated levels of ASP, DSP,
and NSP toxins along other coastlines of the US (Trainer et al. 2007; Campbell et al.
2008; Reich et al. 2015). No human illnesses, however, have been reported in
Chesapeake Bay due to the consumption of shellfish contaminated with phycotoxins
(Marshall 1996; Marshall et al. 2005). The presence of HAB species without the
occurrence of illness suggests that these phytoplankton may be present in the Bay at
concentrations lower than needed to produce threshold levels of phycotoxins in
contaminated seafood. Levels below seafood regulatory limits, however, may still be
significant, potentially leading to chronic effects with repeated exposure (Banack et al.
2015; Falconer et al. 1994; Nishiwaki-Matsushima et al. 1992; Suganuma et al. 1988;
Valdiglesias et al. 2013).
The expected increase in the frequency, duration, and range of HABs in certain
regions due to both climate change (Hallegraff 2010; Glibert et al. 2014) and
anthropogenic nutrient loading (Anderson et al. 2002) also presents a possible threat to
the Bay, suggesting that phytoplankton species composition and bloom dynamics are
likely to undergo change. A comprehensive understanding of the HAB species present in
Chesapeake Bay and the distribution of their associated toxins is needed to provide
necessary baseline knowledge about the current state of phycotoxins in this region.
5. Project Objectives
The overarching goals of my research were to 1) develop methods for the
quantification of multiple HAB phycotoxins that may co-occur in the environment, 2) use
those methods to evaluate the spatial and temporal distribution of phycotoxins in lower
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Chesapeake Bay, and 3) to investigate possible correlations between phycotoxin
distribution and the cell abundance of causative species or environmental parameters.
To account for the likely presence of diverse phycotoxin groups in this productive
region, a quantification method inclusive of multiple marine and freshwater phycotoxins
was first developed and validated for use with SPATT using UPLC-MS/MS with
trap/ACD (Chapter 1). A method for the extraction of these marine and freshwater
phycotoxins from the SPATT resin was also developed (Appendix B). To evaluate the
distribution of multiple phycotoxins, spatial and temporal sampling was conducted at 12
sites across this region, including the tributaries, mouth, and bayside and seaside Eastern
Shore using SPATT (Chapter 2). Combining time-integrated SPATT data with discrete
algal cell concentrations and environmental parameters advances the current knowledge
base about toxigenic harmful algae in this region, providing necessary baseline data about
the presence of multiple species and phycotoxins. This research was the result of a
collaboration between the Virginia Institute of Marine Science (VIMS) and the Virginia
Department of Health (VDH). All results presented herein were shared between these two
agencies in the hopes of providing valuable information relevant to the Virginia’s marine
biotoxin contingency plan for the continued protection of public health.
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CHAPTER 1:

A SCREENING TOOL FOR THE DIRECT ANALYSIS OF MARINE AND
FRESHWATER PHYCOTOXINS IN ORGANIC EXTRACTS
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ABSTRACT
Many detection methods for phycotoxins, bioactive compounds produced by harmful
algae, focus on one compound or a class of related compounds. Multiple harmful algal
species often co-occur in the environment, however, emphasizing the need to analyze for
the presence of multiple groups of marine and freshwater phycotoxins in environmental
samples, e.g., extracts from solid phase adsorption toxin tracking (SPATT). Two methods
were developed to quantify 13 phycotoxins (microcystin-RR, -LR, -YR, azaspiracid-1, 2, karlotoxin 3, goniodomin A, brevetoxin-2, yessotoxin, pectenotoxin-2,
dinophysistoxin-1, -2, and okadaic acid) in organic SPATT extracts using ultraperformance liquid chromatography–tandem mass spectrometry (UPLC-MS/MS)
equipped with a trapping dimension (trap) and at-column dilution (ACD). The
performance of each compound under 36 combinations of chromatographic conditions
was characterized, and two final methods, acidic and basic, were selected based on peak
shapes, signal intensities, resolution, and the separation in time of positive and negative
MS ionization modes. Injection volumes of up to 1 mL were possible through trap/ACD
technology, resulting in limits of detection between 0.001 and 0.05 µg/L across the
analytes. Benefits highlighted in this study, beyond the improved detection limits and codetection of multiple toxin groups, include the ability to inject samples of 100% organic
solvent, ensuring analyte stability and streamlining workflow through the elimination of
laborious sample preparation steps.
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INTRODUCTION
Bioactive compounds produced by various species of harmful algae, or
phycotoxins, have the potential to cause both mass mortalities of wildlife (Landsberg
2002; Landsberg et al. 2005) and severe illnesses in humans (Landsberg et al. 2005;
Visciano et al. 2016). Animals that ingest algae associated with phycotoxins may
experience direct health effects and/or mortality, or they may serve as vectors of exposure
to other organisms when consumed (Table 1) (Landsberg et al. 2005; Miler et al. 2010).
Human exposure can occur through the consumption of contaminated seafood (Visciano
et al. 2016) or drinking water (Falconer 1999), or through respiration of aerosolized
compounds (Pierce and Henry 2008). Due to their hazardous effects, phycotoxins are
monitored in edible tissue, drinking water, and the environment.
While robust and sensitive mass spectrometry methods have been incorporated
into some monitoring programs, these methods are often developed for a single group of
compounds, especially in regions where annual blooms of the same species occur. The
global expansion in range and frequency of harmful algal blooms (Anderson et al. 2002;
Hallegraff 2010; Van Dolah 2000), however, emphasizes the need for multi-toxin
quantification methods for co-occurring harmful algae. Research regarding the presence
of co-occurring harmful algal species and/or their associated phycotoxins has recently
expanded, and such co-occurrences have now been documented globally (Fire et al. 2011;
Fux et al. 2009; Garcia et al. 2004; Hattenrath-Lehmann et al. 2013; Jester et al. 2009;
Paerl et al. 2008; Peacock et al. 2018). Some algal species can co-produce multiple
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phycotoxins (Table 1), further adding to the suite of compounds that may be present in a
given environmental sample. Additionally, the salinity gradient in estuaries and along
coastal zones, such as Chesapeake Bay and its Eastern Shore, presents an increased
probability for the co-occurrence of phycotoxins associated with and marine and
freshwater species (Gibble et al. 2014; Miller et al. 2010; Peacock et al. 2018).
A limited number of LC-MS methods for the co-detection and quantification of
marine and freshwater phycotoxins have been published (Chen et al. 2016; Dahlmann et
al. 2003; Rodriguez et al. 2018; Zendong et al. 2015). We sought, however, to develop a
multi-toxin screening method for Chesapeake Bay’s unique suite of toxins observed
across the salinity gradient (Table 1) and improve method performance required for their
trace analysis.
Ultra-performance liquid chromatography with tandem mass spectrometry
(UPLC-MS/MS) equipped with a trapping dimension (trap) and at-column dilution
(ACD) (Figure 1) was investigated. Applying trap/ACD to UPLC-MS/MS allows for
large volume injections (50 – 1000 µL) of extracts in 100% organic solvent (Mallet and
Botch-Jones 2016). This technology, therefore, has the potential to facilitate trace level
analysis by improving detection limits, removes the need for dry-down and concentration
steps, streamlining sample preparation (Mallet and Botch-Jones 2016), and minimizes
lipophilic phycotoxin degradation or sorption loss that would otherwise occur in more
typical aqueous extracts. As the intention is to later pair this novel screening tool with
SPATT, a common passive sampling tool that accumulates phycotoxins over deployment
(Fux et al. 2007, MacKenzie 2010, Lane et al. 2010, Kudela 2011, Hattenrath-Lehmann
et al. 2018), a developed method also requires validation using SPATT samples. We
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expect that by ultimately applying UPLC-MS/MS with trap/ACD to SPATT organic
extracts will combine the benefits of low detection limited with cumulative sorption in
the environment, respectively.

Figure 1: Schematic of a UPLC-MS/MS system equipped with a trapping dimension and
ACD.

The overarching goal of this study, therefore, was to develop and validate a
method for the detection and quantification of multiple marine and freshwater
phycotoxins as a screening tool for SPATT samples collected from Chesapeake Bay. This
study also aimed to conduct a comprehensive investigation of phycotoxin behavior under
a variety of column and mobile phase chemistries. Phycotoxins included in this study
(Table 1) were chosen to represent toxins 1) spanning a range of hydrophobicities from
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highly lipophilic (PbTx-2) to more polar (KmTx 3, microcystins), 2) federally regulated
in marine seafood products or freshwater systems (i.e. OA, DTXs, microcystins), 3) of
emerging national interest (AZAs), and/or 4) associated with animal illness within the
local Chesapeake Bay (i.e. karlotoxins, goniodomin A). All variants within each
phycotoxin group were not included in this study; instead, selection amongst congeners
focused on parent structures or congeners most commonly detected in U.S. waters. For
field validation of the method, SPATTs deployed in the Chesapeake Bay region were
extracted and analyzed for quantification of endogenous toxins and matrix effects, while
additional SPATTs from coastal Maryland bays were subjected to an interlaboratory
comparison.
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Table 1. Summary (FAO 2004; Landsberg et al. 2005; Pease 2016) of 13 toxins included
in the development and validation of a UPLC-MS/MS screening and quantification
method.
Phycotoxin congener
abbreviation (group)
GDA (goniodomins)

Producer

Human Syndrome or Toxicity

Alexandrium monilatum

Ichthyotoxic

OA; DTX1; DTX2
(okadaic acid and
dinophysistoxins)

Dinophysis spp., Prorocentrum
lima

Diarrhetic shellfish poisoning (DSP)

PTX2 (pectenotoxins*)

Dinophysis spp.

Acute toxicity in vertebrate model
with i.p. injection

YTX (yessotoxin*)

Protoceratium reticulatum,
Gymnodinium catenatum,
Pyrodinium bahamense,
Gonyaulax spp.
Lingulodinium polyedrum

Acute toxicity in vertebrate model
with i.p. injection

AZA-1; AZA-2
(azaspiracids)

Amphidoma languida,
Azadinium spinosum

Azaspiracid shellfish poisoning
(AZP)

KmTx-3 (karlotoxins)

Karlodinium spp.

Ichthyotoxic

MC-LR; MC-YR; MC-RR
(microcystins)

Microcystis spp., Anabaena spp.,
Oscillatoria spp.

Hepatotoxic

PbTx-2 (brevetoxins)

Karenia spp.

Neurotoxic Shellfish Poisoning
(NSP), Ichthyotoxic

* Indicates a toxin group that is regulated in seafood products in the EU, but not in the US.
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MATERIALS AND METHODS
1. Reagents and Analytical Toxin Standards
All acetonitrile (ACN), methanol (MeOH), isopropyl alcohol (IPA), and acetone
(ACT) used were LC-MS grade (Honeywell Burdick & Jackson, MI, USA). Ultrapure
water was prepared using a Milli-Q system (Millipore, Billerica, MA, USA). Formic
Acid Optima LC/MS (Thermo Fisher Scientific, Waltham, MA, USA), Ammonium
Formate Optima LC/MS (Thermo Fisher Scientific, Waltham, MA, USA), and
ammonium hydroxide eluent additive for LC-MS (≥25%, Honeywell Fluka, Charlotte,
NC, USA) were used for mobile phases. Formic Acid 98% (EMD Millipore, Merck,
Germany) was used for the carryover wash solution.
The following biotoxin certified reference materials were purchased from the
National Research Council Canada: azaspiracid-1 (CRM-AZA1-b), azaspiracid-2 (CRMAZA2-b), dinophysistoxin-1 (CRM-DTX1-b), dinophysistoxin-2 (CRM-DTX2-b),
okadaic acid (CRM-OA-d), pectenotoxin-2, (CRM-PTX2-b), and yessotoxin (CRMYTX-c). Brevetoxin-2 was purchased from Abcam (ab143469). A microcystin-RR, -YR,
-LR mixed solution was purchased from Sigma Aldrich (33578-1ML). Karlotoxin 3
(KmTx 3) was purified from Karlodinium veneficum by Allen Place (UMCES,
Maryland). Goniodomin A was purified from Alexandrium monilatum by Drs. Constance
and Tom Harris (Harris et al. 2020) and provided by Kimberly Reece (VIMS).
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2. Instrumentation
2.1 Mass Spectrometry Conditions
A tandem quadrupole Xevo TQ MS (Waters, Milford, MA, USA) equipped with
electrospray ionization (ESI) was used with multiple reaction monitoring (MRM) for
detection. Capillary voltage was 3.00 kV, desolvation temperature was 450ºC,
desolvation gas flow was 1100 L/hr, collision gas flow was 0.15 mL/min, and source
temperature was 150ºC. The mass spectrometer was operated in both ESI+ and ESImodes.
Before chromatography was evaluated, direct infusion experiments were
performed on all 13 phycotoxins to optimize cone voltage values for each compound, and
collision energy values were tested by evaluating the production of fragment (daughter)
ions (Table 2). A concentrated solution (50 – 100 µg/L) of each compound was prepared
in methanol. Each solution was individually introduced into the mass spectrometer
through direct infusion. First, composite spectra across 30 MS scans were assessed for
various cone voltage values, starting at 20V and increasing in 10V increments. Optimum
cone voltage was determined as the cone voltage value that produced the highest
molecular ion signal. Using the optimized cone voltage, composite spectra across 30
MS/MS scans were then assessed. Starting at 5eV, collision energy was increased by 5eV
for each consecutive spectrum. From these spectra, daughter ions and associated collision
energies were evaluated. The collision energy values that resulted in the highest relative
signal for the daughter mass compared to the parent mass were selected. Once these
values were chosen, the exact mass for the daughter ion was chosen by observing the m/z
value corresponding with the apex of the daughter ion peak.
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All compounds were assessed in both positive and negative ionization modes, and
the mode resulting in the highest signal was chosen (Table 2) for the subsequent
chromatography experiments and validation. Of the 13 compounds, most were best
detected in ESI+ mode, however, 4 analytes (OA, DTX1, DTX2, YTX) were best
detected by mass spectrometry using ESI-. Due to the limited availability of purified
material, KmTx 3 did not undergo direct infusion, and literature values were instead used
for the purpose of method development (Bachvaroff et al. 2008).
Table 2. Mass spectrometry parameters for 13 phycotoxins determined through direct
infusion experiments.
Analyte

Ionization
Mode

Adduct

Molecular
Ion m/z

MC-RR
MC-YR
MC-LR
AZA1
AZA2
KmTx 3
GDA
OA
DTX1
DTX2
PTX2
YTX
PbTx-2

ESI+
ESI+
ESI+
ESI+
ESI+
ESI+
ESI+
ESIESIESIESI+
ESIESI+

2H+
H+
H+
H+
H+
Na+
NH4+
-H
-H
-H
NH4+
-2H
H+

520.0
1045.5
995.5
842.4
856.4
1347.7
786.5
803.5
817.5
803.5
876.6
571.1
895.4

Cone
Voltage
(V)
30
30
30
30
30
70
30
30
30
30
30
30
40

Dominant
Transition
Detected
520.0 > 135.1
1045.5 > 135.1
995.5 > 135.1
842.4 > 824.6
856.4 > 838.6
1347.7 > 937.7
786.5 > 139.0
803.5 > 255.5
817.5 > 113.0
803.5 > 255.5
876.6 > 841.5
571.1 > 467.7
895.4 > 877.3

Collision
Energy
(eV)
30
85
85
30
30
80
40
60
70
60
30
30
20

2.2 Chromatographic Conditions
For all method development and validation, the UPLC with trap/ACD system
(Figure 1) comprised three binary pumps, one autosampler equipped with a 250-μl loop,
and one column manager. The fluidics were set in a 2-1 trap/elute configuration. Acquity
I class binary solvent managers (Waters, Milford, MA, USA) were used within the UPLC
with trap/ACD system: for the loading flow, ACD, and elution. At-column dilution was
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applied at a 20:1 ratio of ACD flow rate with the dilutor stream set to 2 mL/min, and the
loading flow rate set to 0.1 mL/min. The elution mobile phase flow was set to 0.5
mL/min. Loading and diluting phases were prepared with ultrapure water. Acidic loading
and diluting phases were prepared with formic acid, basic with ammonium hydroxide,
and neutral with no additives. Acidic and basic mobile phases were prepared with ACN
for the organic (B), and ultrapure water for the aqueous (A), using the same additives as
above. Injection volumes were 50 µL unless otherwise stated. The sample injection
volume was carried by the loading flow, mixed with ACD flow, and sent to the trapping
column. During the first three minutes of the 16-minute chromatographic run, these
loading conditions were applied while mobile phase flow was sent through the analytical
column and to the mass spectrometer. This three-minute loading period is necessary for
the loading circuit to empty the 250-µL loop, working in tandem with the diluting circuit
to bring the full sample volume to the trapping column. At 3 minutes, valve positions
were switched so that the mobile phase flowed through the trapping column before
reaching the analytical column. This flow brings analytes to the analytical column, elutes
them off the analytical column, and brings them to the mass spectrometer for detection. A
linear gradient was applied to the mobile phase from 3 – 8 minutes, transitioning from
5% B to 95% B. From 8-9 minutes, mobile phase composition at 95% B was held
constant. From 9 – 9.5 minutes, a linear gradient from 95% B to 5% B was applied, and
from 9.5 – 16 minutes, the mobile phase flow rate was dropped to 0.2 mL/min and held at
5% B as wash steps were performed (see section 3.1 Carryover Management).
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3. Development and Optimization
To determine the best chromatographic conditions for the 13 selected compounds,
multiple combinations of trapping columns, analytical columns, and mobile phase
solutions were evaluated using a mixed toxin standard with all 13 phycotoxins prepared
in 100% methanol to each be a final concentration of 5 µg/L. Positive identifications of
compounds were established through detection of the parent mass, confirmatory parent >
daughter transitions, and reproducible retention times. Each peak was qualitatively
evaluated for adherence to Gaussian and uniform peak shape. Quantitative evaluations
were performed using signal intensities of peak height, and a color-coded table was
produced providing information about these qualitative and quantitative observations.
To compare the effects of various column chemistries on analyte separation,
various trapping columns and analytical columns were evaluated. Reverse-phase trapping
columns (Oasis HLB Direct Connect HP Column, 2.1 x 30 mm, 20 µm, 80Å; XBridge
BEH C18 Direct Connect HP Column, 2.1 x 30 mm, 10 µm, 130Å; XBridge BEH C8
Direct Connect HP Column, 2.1 x 30 mm, 10 µm, 130Å) and analytical columns
(Acquity BEH C18, 2.1x50 mm, 1.7 µm, 130Å; Acquity BEH C8, 2.1x50 mm, 1.7 µm,
130Å) were purchased from Waters (Milford, MA, USA). VanGuard pre-columns
matching the material of the analytical columns were also purchased from Waters.
In addition to traditional mobile phase solutions, UPLC-MS/MS with trap/ACD
also utilizes loading and diluting phases. To determine the optimal conditions for loading,
diluting, and mobile phases, multiple combinations of acidic, basic, and neutral solutions
were evaluated for their relative effects on analyte separation, peak shape, and sensitivity
(Mallet and Botch-Jones 2016). Combinations (36) of columns, loading and diluting
phases, and mobile phases, were tested. For these combinations, loading and diluting
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phases were prepared with 5% additive, and eluting phases were prepared with 0.5%
additive.
Once the two best-performing methods were chosen from the 36 conditions, the
amount of additive added to each solution was then varied to optimize conditions and
create final methods. Signal intensities from injections of the same mixed-toxin standard
were compared. Percent compositions for the loading phases were varied from 50 mM
(0.2% v/v) to 1330 mM (5% v/v) formic acid for acidic, and from 6.7 mM (0.1% v/v) to
1300 mM (5% v/v) ammonium hydroxide for basic. For the mobile phases, acidic
additive strengths ranged from 0.2% to 0.5% (v/v), while basic ranged from 0.1% to
0.5% (v/v). The minimum amount of additive tested for both basic and acidic loading and
mobile phases was adopted from common literature values (Blay et al. 2011; Bosch-Orea
et al. 2017; Dahlmann et al. 2003; Fux et al. 2007; Gerssen et al. 2009; Gerssen et al.
2010). The addition of ammonium formate (2 mM) as a buffer to stabilize pH for the
acidic solutions was also evaluated.
3.1 Carryover Management
Due to the high-volume injections (50-1000 µL), carryover between samples was
evaluated and various wash solutions were tested for their abilities to reduce carryover
under the final methods. To evaluate for carryover, six 50-μL injections of a 100%
methanol blank were run after one 50-μL injection of a 5 μg/L mixed-toxin standard
prepared in 100% methanol. Peak areas from the blank run were compared to peak areas
from the standard run. Carryover was calculated as blank peak area / standard peak area
× 100. Wash steps were prepared using mixtures of acetonitrile, methanol, isopropyl
alcohol, acetone, and formic acid, and the timing and length of the wash steps was varied.
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4. Method Performance Characteristics
The final methods were validated through a series of steps to confirm
repeatability, establish method detection and quantification limits, determine the linearity
range of standard curves, and confirm positive identification of each compound being
evaluated.
4.1 Repeatability
To evaluate repeatability, 7 consecutive injections of an 8 µg/L mixed-toxin
standard in 100% methanol were run. Standard deviations were calculated using the peak
areas for each compound. Percent relative standard deviations (%RSDs) for each
compound were calculated as 100 × standard deviation / average peak area.
4.2 Limits of Detection and Quantification.
Limits of detection (LODs) were determined at two injection volumes, using two
approaches: mathematically and by reporting the lowest concentration at which the signal
to noise ratio (S/N) was greater than or equal to 3. To determine LODs mathematically, a
mixed-toxin standard solution at a concentration 10x the estimated LOD for each
compound was prepared in methanol. Repeated 50-μL injections (6) from a vial
containing this standard were run, and the standard deviations of the peak areas for each
compound were calculated. The LOD peak area for each compound was calculated as
3.14 × standard deviation, and the LOD concentration was calculated as LOD peak area
× sample concentration / average peak area. Limits of quantification (LOQs) are
reported as the lowest concentration at which S/N was greater than or equal to 10.
LODs were likewise determined for 1000-μL injections. A mixed-toxin standard
solution was prepared in methanol at 10x the estimated LOD for a 1000-μL injection,
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calculated using the LOD data from the 50-μL injections. Repeated injections (6) were
run, and LODs were calculated as above. A mixed-toxin standard solution at the
estimated LOD for a 1000-μL injection was also prepared, and triplicate injections were
run to confirm S/N ≥ 3.
4.2 Linearity
Two standard curves, a low and a high concentration curve, were produced for
each compound to assess linearity across multiple orders of magnitude. A series of 20
dilutions of mixed-toxin standards were prepared between 0.04 µg/L and 50 µg/L. In
triplicate, 50-μL injections were run using the two methods finalized through method
development, and two standard curves were produced to determine high-concentration
and low-concentration ranges of linearity. To confirm linearity, squared correlation
coefficient (R2) values must be >0.99.
5. Validation using Field Samples
To determine whether the developed methods were acceptable to use as a
screening tool for environmental samples, SPATT passive samplers (SPATTs) were
deployed, extracted, and analyzed for the 13 phycotoxins included in this study using the
final methods. Twelve SPATTs were constructed using 3.15 g Diaion® HP20 resin. In
triplicate, SPATTs were deployed in 3 locations in the lower Chesapeake Bay region for
2 weeks in April 2018: a tidal river estuary (York River, salinity ca. 22), coastal bayside
(Nassawadox, salinity ca. 18), and seaside Eastern Shore (Wachapreague, salinity ca. 32).
Upon recoveries, SPATTs were frozen until extraction. A traditional SPATT extraction
method was employed (Fux et al. 2008); in brief, SPATTs were thawed, rinsed with
ultrapure water, transferred and packed into empty glass solid phase extraction reservoirs,
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and extracted using 23 mL 100% methanol, (8:1 mL/g resin) at a flow rate no greater
than 1 mL/min. Injections, 50 µL, of methanolic SPATT extracts were analyzed using the
developed methods to quantify any endogenous phycotoxins. Results were normalized to
ng toxin per gram SPATT resin per day.
A subsample of each extract was also analyzed after being spiked with a multitoxin solution (final concentration of 5 µg/L per phycotoxin) to determine relative signal
suppression or enhancement due to matrix effects. Results from the spiked SPATT
extracts were compared to a 5 µg/L multi-toxin standard in 100% methanol. Possible
signal enhancement or suppression, introduced by the sample matrices, was evaluated
using the equation (Gosetti et al. 2010) Matrix Effect (%) = 100 × spiked extract peak
area / spiked standard peak area. For extracts in which endogenous compounds were
already present before spiking, percent suppression or enhancement was calculated as µg
measured in spiked sample / (µg endogenous toxin + µg toxin added)*100. KmTx 3 and
GDA were not included in the spiking experiment due to the limited availability of
purified material.
5.1 Inter-Laboratory Comparison
SPATT extracts from a 2012 study on diarrhetic shellfish poisoning toxins in
Maryland’s coastal bays were obtained from Dr. Allen Place (IMET, UMCES, MD) for
an inter-laboratory comparison. These SPATTs were deployed for 1 week (May 2012) or
2 weeks (April and June 2012). Upon recovery, SPATTs were frozen until extraction at
IMET. Briefly, SPATT resin was submerged in 100% methanol (50 mL) in a 100 mL
wide-mouth amber jar. The jar was bath sonicated for 10 minutes, then placed in a 4ºC
cold box for a minimum of 24 hours. The extract was then filtered on a glass funnel, after
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which the funnel was rinsed with 10 mL methanol. The entire methanolic extract was
subjected to rotary evaporation to a final volume of 1.5 mL. The 1.5-mL extract was
filtered with a 0.22-μm PTFE syringe filter before UPLC-MS/MS analysis by Dr.
Jonathan Deeds ( US Food and Drug Administration, College Park, MD), and stored at 20ºC. Seven years later, these extracts were shipped overnight in a refrigerated package
to VIMS and stored at -20ºC. Within two weeks of their arrival, extracts were
homogenized, re-filtered, and analyzed by UPLC-MS/MS with trap/ACD using the final
methods described in this study.
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RESULTS AND DISCUSSION
The selected marine and freshwater phycotoxins, ranging in hydrophobicity,
mode of toxicity, and molecular weight (Table 1), were assessed for their performance in
multiple combinations of chromatographic conditions. The 13 diverse compounds were
successfully co-detected in the same organic extract using two optimized final methods,
one using acidic loading, diluting, and mobile phase solutions, and another using basic
loading, diluting, and mobile phase solutions with a C18 trap and analytical column.
Additionally, injection volumes of 1 mL in 100% organic solution were possible via the
trap/ACD technology, resulting in improved limits of detection between 0.001 and 0.05
μg/L across the analytes. These final methods may be further adapted to include
additional compounds of interest and other types of environmental samples beyond
SPATTs.
1. Chromatographic Conditions
The performance of the 13 selected compounds in 36 combinations of trapping
columns, analytical columns, and mobile phases was evaluated and characterized during
method development (Figure 2). Overall, the C18 analytical column produced higher
signal intensities than the C8 analytical column under acidic conditions, and signal
intensities were comparable under basic conditions (data not shown). The C18 analytical
column was, therefore, chosen for both methods with the added benefit that no changing
of columns was needed between subsequent runs. The performance of C18 and Oasis
Direct Connect trapping columns were superior to C8 in most cases (Figure 2). Coupling
low loading pH with high eluting pH, or vice versa, produced poor peak shapes and
relatively low signal intensities for many compounds evaluated. MC-RR, MC-LR, and
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MC-YR performed well under both basic and acidic conditions, but exhibited the highest
sensitivity using basic conditions. AZA1 and AZA2 were best detected under acidic
conditions and produced broad peaks under basic conditions. Under acidic conditions, a
small peak with the same confirmatory MRM transition as PTX2 was detected at a
retention time of 7.17 min, shortly after the peak for PTX2 at 6.76 min, while only one
peak at 6.76 min was present for PTX2 under basic conditions. This agrees with
published results about the epimerization of PTX2 under acidic conditions (Suzuki et al.
2003). YTX was undetectable under acidic conditions but performed well under basic
conditions. PbTx-2 and GDA produced better peak shapes and signal intensities under
basic conditions than acidic conditions. DTX2 was detectable and exhibited good peak
shape under almost all tested conditions, but had the greatest sensitivity using basic
conditions. OA and DTX1 behaved similarly, with best peak shape and sensitivity
observed under basic conditions. KmTx 3 exhibited the best sensitivity under basic
conditions, but produced acceptable peak shape and sensitivity under acidic conditions
with the C18 and Oasis trapping columns.
Two methods, an acidic and a basic, were necessary for the detection of all 13
compounds evaluated. Although some compounds performed well in multiple
combinations of chromatographic conditions, Method 2 (acidic conditions) and Method
17 (basic conditions) were chosen as the best methods to optimize based on each
compound’s peak shape and signal intensity, resolution between adjacent peaks, and the
separation in time of positive and negative ionization modes (Figure 2). Retention time
windows were used to eliminate loss in sensitivity from rapid switching between ESI+
and ESI- (Gerssen et al. 2009). The range of retention times for compounds evaluated in
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ESI- (OA, DTX1, DTX2, YTX), therefore, had to be separated from the rest of the
compounds. To satisfy this condition, MC-RR, -YR, and -LR were analyzed under acidic
conditions even though they exhibited higher sensitivity when using basic conditions
(Figure 2). This compromise ensured a retention time window for OA, DTX1, DTX2,
and YTX that did not overlap with any positively ionizing compounds. When using the
basic method, the mass spectrometer operates in ESI- from 3 – 6.20 minutes, and in ESI+
from 6.20 – 8 minutes. All compounds included in the acidic method are detected using
ESI+.
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Figure 2: Method development results showing the performance of 13 phycotoxins in 18 of the 36 trialed combinations of
chromatographic conditions using a C18 analytical column. Loading phases were varied between acidic, neutral, and basic; mobile
phases were varied between acidic and basic, and C8, C18, and Oasis HLB Direct Connect HP trap columns were tested. Loading
phases contained 5% additive, while elution mobile phases contained 0.5% additive. Green boxes represent uniform, gaussian peak
shape. Yellow boxes represent poor peak shape (sh: shoulder, br: broad, lead: leading, tail: tailing, MP: multiple peaks, split: split
peak). Red boxes represent no detection. These results were used to devise the final methods listed in Table 3, which include
modifications to methods 2 and 17.
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Table 3. Chromatographic conditions for the two final UPLC inlet methods: basic and
acidic.
Analyte
MC-LR
MC-YR
MC-RR
AZA1
AZA2
KmTx 3

GDA
PTX2
PbTx-2
YTX
OA
DTX1
DTX2

Trapping
Column
XBridge
BEH C18
130Å,
10 µm,
2.1x30 mm

Loading Conditions

XBridge
BEH C18
130Å
10 µm,
2.1x30mm

H2O + 6.7 mM
NH4OH
Isocratic for 3
minutes

H2O + 50 mM
formic acid + 2 mM
ammonium formate
Isocratic for 3
minutes
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Separation
Column
Acquity BEH
C18, 130Å,
1.7 µm, 2.1x50
mm

Elution Conditions

Acquity
BEH C18
130Å
1.7 µm,
2.1x50mm

Basic
A: H2O + 6.7 mM
NH4OH
B: ACN + 6.7 mM
NH4OH
Linear gradient 5% to
95% B over 5 minutes
Isocratic 95% B for 1
minute

Acidic
A: H2O + 50 mM formic
acid + 2 mM
ammonium formate
B: ACN + 50 mM
formic acid + 2 mM
ammonium formate
Linear gradient 5% to
95% B over 5 minutes
Isocratic 95% B for 1
minute

2. Final Chromatographic Methods
Once the compounds were designated to their acidic or basic method during
development (Figure 2), steps were taken to further optimize the chromatographic
conditions to achieve two final methods (Table 3). The compositions of the loading and
mobile phases were refined from developmental methods by varying the amount
(strength) of additive and by adding ammonium formate as a buffer to the acidic loading,
diluting, and mobile phases. Overall, higher-strength additive loading (5%) and mobile
(0.5%) phases (Figure 2) were adequate for the detection and quantification of all
compounds tested. Lower-strength additive solutions, however, were selected for method
optimization as they produced the highest sensitivity and eliminated shifts in retention
time between injections. Final acidic loading and mobile phase solutions contained 50
mM (0.2%) FA + 2 mM ammonium formate, and final basic loading and mobile phases
solutions contained 6.7 mM (0.1%) ammonium hydroxide (Table 3).
Using the two final methods, carryover and other performance metrics were
evaluated, and a field validation was conducted (see Sections 4 and 5); ultimately all
compounds were well resolved and exhibited acceptable peak shape and signal intensity
(Figure 3).
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Figure 3: Chromatograms obtained from a 50-µL mixed-toxin standard run under (A)
acidic conditions, and (B) basic conditions of the final, optimized methods.
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3. Reduction of Carryover
Upon the first attempt at validation of the final methods (Table 3), carryover
between samples resulted in high %RSD values (up to 26%) as peak areas for each
compound increased during triplicate injections from the same vial. To reduce carryover,
however, a wash step was introduced into the method and was applied to all instrumental
components up to, but not including, the analytical column: i.e., the injection and
trapping circuits are washed with the solution. A wash solution containing 1:1:1:1
ACN/MeOH/IPA/ACT + 5% formic acid was applied through the chromatographic inlet
method at a flow rate of 2 mL/min in 2-minute intervals, alternating with the aqueous
loading phase. While the mobile phase gradient ran through the trapping and analytical
columns between 3 and 8 minutes, the wash intervals ran through the flow-through
needle injection loop and associated circuit, being sent to waste before reaching the
trapping column. At 9 minutes, the wash intervals extended into the trapping column and
were sent to waste without reaching the analytical column. The addition of these wash
steps reduced carryover from 18.6% to <4% and extended the run time from 10 to 16
minutes, producing a suitable wash step to move forward as part of the final two
methods.
4. Laboratory Validation
Once carryover was addressed, linearity and percent relative standard deviation
(%RSD) were evaluated and determined acceptable for the final two methods (Table 4).
More specifically, two 10-point standard curves, across multiple orders of magnitude,
were produced in triplicate for each compound to assess linearity across multiple orders
of magnitude. One standard curve ranged from the closest concentration to each LOD
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(Table 4) through 5 µg/L, and the other from 5 µg/L through 50 µg/L. Linear regressions
were performed on each curve, and all curves were linear within the tested range with
squared correlation coefficients (R2) values > 0.99. Similarly, to determine repeatability,
percent relative standard deviation (%RSD) was used to compare peak areas obtained
from replicate injections of the same mixed-standard solution. All %RSD values were
below 5%, with the exception of PbTx-2 at 7.18% (Table 4). These results indicate that
the final methods are reproducible for all 13 phycotoxins.
High-volume injections, 1000 µL resulted in lower limits of detection and
quantification for all 13 phycotoxins when compared to literature values for traditional
UPLC-MS/MS analysis (Table 4). These LODs were confirmed using triplicate injections
of a mixed-standard solution, lending further support for the observed LODs. In contrast
to some literature values, however, the methods reported herein did not require the
addition of a concentration step, e.g. solid-phase extraction (SPE), evaporation to
dryness, or the use of a high-resolution mass spectrometer to achieve improved detection
limits (Table 4). A lower injection volume, 50-µL, was also investigated as a means to
limit trap fouling when the higher injection volume was not needed for trace analysis. For
50-µL mixed-standard injections, mathematically-derived LODs were similar to those
experimentally determined by S/N ≥ 3 (Table 4). While 1-mL injections surpassed
published LODs, 50-µL injections were, in general, on par with previously-reported
LODs (Table 4), with the exception of microcystins for which improved LODs have been
reported.
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We also note that repeatability was not sacrificed with high injection volumes, as
%RSD values for both the 50-µL and 1-mL injections were within acceptable limits
(Table 4).
This application highlights the benefits of UPLC-MS/MS with trap/ACD
technology. Sample preparation time and labor were reduced, and evaporative loss was
eliminated as 100% organic extracts were analyzed directly without additional clean-up
or concentration and reconstitution steps. The reported low detection limits will be useful
in exploring the prevalence or trace phycotoxin concentrations present in the Bay. This
technology is not limited to phycotoxins, and application for other groups of compounds
typically analyzed by LC-MS is possible.
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Table 4. Validation results for repeatability and limits of method detection and quantification using final two methods: acidic and
basic. Limits of detection found in the literature from other studies using various LC-MS methods are presented for comparison.
Analyte

MC-RR
MC-YR
MC-LR
AZA1
AZA2
GDA
KmTx 3
OA
DTX1
DTX2
PTX2
YTX
PbTx-2

Literature
LOD
Reference
LC-MS
methods
(µg/L)

LOQ
(S/N≥10)
50 μL
(µg/L)

LOD
S/N≥3
50 μL
(µg/L)

%RSD
50 μL

0.017^
0.043^
0.029^
0.033
0.070
2.34
4.0*
0.483
0.030
0.930
0.048
0.336
n.r.

0.31
0.15
0.15
0.04
0.04
1.98
1.39
0.15
0.15
1.24
0.04
1.24
0.15

0.13
0.13
0.13
0.03
0.03
0.60
0.97
0.13
0.13
0.13
0.03
0.50
0.13

3.81
3.23
3.10
3.02
2.56
2.43
5.64
1.21
2.30
1.43
1.89
1.19
7.18

[56]
[56]
[56]
[14]
[40]
[27]
[3]
[14]
[40]
[47]
[14]
[14]

^ indicates when reported detection limit includes SPE concentration step
* indicates when reported on-column detection limited was converted to μg/L
S/N signal to noise ratio
%RSD percent relative standard deviation
LOQ limit of quantitation
LOD limit of detection
calc. mathematically derived from 6 repeated injections
n.r. none reported
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This Study
LOD calc. LOD
50 μL
calc.
(µg/L)
50 μL
(pg oncolumn)
0.07
3.5
0.24
12
0.25
13
0.02
1.0
0.01
0.5
0.39
19.5
0.64
32
0.10
5.0
0.11
5.5
0.12
6.0
0.04
2.0
0.14
7.0
0.16
8.0

%RSD
1000 μL

LOD
calc.
1000 μL
(µg/L)

3.66
7.32
5.80
2.12
3.11
2.45
5.64
4.05
5.87
3.05
3.91
4.27
7.39

0.007
0.01
0.01
0.001
0.001
0.019
0.05
0.008
0.01
0.006
0.004
0.03
0.02

LOD
calc.
1000 μL
(pg oncolumn)
7.5
15
12
1.0
1.5
19.2
54
8.3
12
6.2
3.7
34
15

5. Field Validation with SPATT
5.1 Chesapeake Bay SPATTs
Triplicate SPATTs deployed at three sites in the Chesapeake Bay region were
extracted using traditional methods (Fux et al. 2008), and 50 µL of organic extract was
analyzed by the two final, optimized analytical methods presented herein. In every
SPATT extract that was analyzed, endogenous OA, DTX1, and PTX2 were detected
(Figure 4). Quantification represented in Figure 4 shows the results using the parent >
parent transitions for each toxin; however, quantification using parent > daughter
transitions was also performed, and both sets of data agreed. SPATT extracts from the
York River had the highest amounts of each of these phycotoxins, while SPATT extracts
from Wachapreague had the lowest. Across sites, OA (8.6 – 25 ng OA/g resin/day) was
highest relative to DTX1 (0.6 – 4.4 ng DTX1/g resin/day) and PTX2 (0.4 – 2.9 ng
PTX2/g resin/day). The positive detection of these phycotoxins confirms that this method
is suitable for use as a screening tool for SPATT extracts.
Furthermore, when these SPATT extracts were spiked with a multi-toxin solution,
all 13 toxins were detectable, showing the final methods are suitable as a screening
method across the diverse suite of marine and freshwater toxins in Chesapeake Bay and
the complex matrix associated with SPATTs. Varying levels of signal enhancement and
signal suppression, however, were observed for each compound (Table 5), suggesting
targeted cleanup should be considered in studies with more quantitative objectives. Signal
suppression was observed for MC-RR, -LR, and -YR, AZA1, and AZA2. YTX showed
signal enhancement in Nassawadox and Wachapreague extracts. Because OA, DTX1,
and PTX2 were already present in the SPATT extracts from all three sites, matrix effects
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for these phycotoxins were evaluated by comparing the measured amount of endogenous
toxins in non-spiked injections to the measured amount of toxins in the spiked samples.

Figure 4: Quantification of endogenous OA, PTX2, and DTX1 in SPATT extracts from
three sites in the lower Chesapeake Bay region using final two methods: acidic and basic.
Data are represented as ng toxin per gram SPATT resin per day, and error bars represent
standard deviation from triplicate field samples.
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Table 5. Signal enhancement (> 100%) and signal suppression (< 100%), +/- standard
deviation, observed in spiked extracts from triplicate SPATTs deployed in York River,
Nassawadox, and Wachapreague.

MC-RR
MC-LR
MC-YR
AZA1
AZA2
PbTx2
YTX
DTX2
OA*
PTX2*
DTX1*

York
26 +/- 1
36 +/- 0.4
32 +/- 1
33 +/- 1
49 +/- 3
146 +/- 7
103 +/- 2
69 +/- 0.8
101 +/- 1
57 +/- 2
98 +/- 2

Suppression or Enhancement (%)
Nassawadox
Wachapreague
39 +/- 3
38 +/- 7
50 +/- 2
47 +/- 4
46 +/- 2
44 +/- 3
33 +/- 2
43 +/- 12
44 +/- 3
52 +/- 8
109 +/- 13
123 +/- 5
132 +/- 10
121 +/- 18
81 +/- 1
78 +/- 3
103 +/- 0.7
101 +/ 1
45 +/- 0.8
36 +/- 7
96 +/- 3
91 +/- 1

*Calculated by difference due to endogenous phycotoxins present
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5.2 Inter-Laboratory Comparison
Concentrations of endogenous OA, PTX2, and DTX1 in SPATT extracts, as
determined by the two final methods, were comparable to those determined seven years
earlier by Dr. Jonathan Deeds (US FDA) using a traditional UPLC-MS/MS method
(Table 6). Slight variations are likely explained by the time between analyses (~7 years).
The only exception out of 16 extracts was sample 8 (Table 6), in which OA, DTX1, and
PTX2 were detected in relatively high concentrations in 2012 using traditional methods,
but not detectable seven years later using the new methods. The general agreement
between SPATT toxin data sets (Table 6) suggests that matrix effects shown here for
UPLC-MS/MS with trap/ACD (Table 5) are comparable between the two analytical
methods.
Table 6. Comparison of results from SPATT extracts analyzed for endogenous OA,
DTX1, and PTX2 by UPLC-MS/MS at the FDA (J.D.) and by the final chromatographic
conditions for UPLC-MS/MS with trap/ACD (this study).
OA
SPATT J.D.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

6.48
1.43
0.90
0.45
0.04
0.06
0.44
15.9
2.06
0.36
0.43
2.16
0.07
1.77
0.06
0.06

OA
DTX1
DTX1
PTX2
PTX2
this
J.D.
this
J.D.
this
study
study
study
9.03
3.12
1.85
0.92
0.65
1.05
0.88
0.49
0.66
0.49
n.d.
0.30
n.d.
n.d.
n.d.
n.d.
0.12
n.d.
n.d.
0.01
n.d.
0.01
n.d.
n.d.
n.d.
n.d.
0.08
n.d.
n.d.
0.12
n.d.
0.03
n.d.
n.d.
n.d.
n.d.
6.69
n.d.
3.88
n.d.
1.96
0.88
0.53
0.71
0.32
0.37
0.38
0.19
0.78
0.30
0.72
0.52
0.24
1.48
0.54
6.89
2.13
1.19
3.57
2.50
0.27
0.05
0.03
0.21
0.08
4.50
1.5
0.71
6.38
2.58
0.04
0.02
n.d.
n.d.
0.007
0.04
0.03
n.d.
n.d.
0.016
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CONCLUSION
Two UPLC-MS/MS methods with trap/ACD were developed and optimized to
encompass 13 phycotoxins of interest. The application of a trapping dimension and ACD
produced improved method detection limits, especially when using 1-mL injection
volumes, without needing an additional sample preparation method or high-resolution
mass spectrometry. The use of C18 trapping and analytical columns for both developed
methods allows these methods to be run sequentially, resulting in the automated analysis
of a single sample for all 13 phycotoxins. This technology also allows samples to be
injected from solutions in 100% organic solvents, thereby increasing analyte stability and
solubility. In practice, these benefits allow for organic extracts from SPATTs, or other
environmental samples, to be injected directly without the need for dry-down and
reconstitution steps, thus streamlining processing eliminating hours, or even days, of
sample preparation time and avoiding potential evaporative loss. Additionally, when
results show analyte(s) at or near the limit of detection/quantification, e.g., during a 50µL injection, the sample can easily be rerun using a higher injection volume, up to 1 mL,
to increase sensitivity instead of needing to concentrate the analyte(s) through further
sample preparation.
The selected compounds spanned marine and freshwater phycotoxins and a range
of hydrophobicities relevant to Chesapeake Bay and other regions. These methods may
be adapted to include congeners, other phycotoxins with similar polarities, or other
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classes of bioactive compounds traditionally analyzed by LC-MS. Figure 2 provides
information about peak shape and relative signal intensity for the tested sets of
chromatographic conditions and can be used as a resource to select methods best suited
for a particular group of phycotoxins. The ability to inject large volumes and screen for
low concentrations of multiple marine and freshwater phycotoxins present in the
environment is beneficial for both research and monitoring purposes. Detecting low
concentrations may improve baseline data, allows for further research into the effects of
low-level, chronic exposure, and provides the potential for early warning when
phycotoxin concentrations begin to rise in samples collected for monitoring purposes.
SPATT-based kinetic studies have not yet been completed for all phycotoxins included in
our study. As such, we do not recommend that our developed methods and SPATTs
replace more-traditional sampling methods in support of seafood or drinking water safety
regulation, but rather serve as complementary sampling for monitoring purposes.
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CHAPTER 2:

SPATIAL AND TEMPORAL DISTRIBUTION OF PHYCOTOXINS THROUGHOUT
LOWER CHESAPEAKE BAY
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ABSTRACT
The spatial and temporal distribution of multiple phycotoxins throughout the lower
Chesapeake Bay was investigated using Solid-Phase Adsorption Toxin Tracking
(SPATT). Across 12 sites spanning the tributaries, bayside Eastern shore, and seaside
Eastern shore, 8 toxins (azaspiracid-1, azaspiracid-2, microcystin-LR, domoic acid,
okadaic acid, dinophysistoxin-1, and pectenotoxin-2, and goniodomin A) were detected
in SPATT extracts, but their presumed causative phytoplankton species were largely
absent in cell counts. Overall, at least one phycotoxin class was present at every time
point, with typical peaks in summer and fall, and the co-occurrence of two or more toxin
classes was observed in 76% of the samples analyzed. No consistent trends were apparent
between phycotoxins and environmental parameters when explored regionally within the
Bay, with the exception of weak to moderate positive relationships between goniodomin
A and temperature. These relationships were likely driven by the seasonal overlap when
Alexandrium monilatum cells were most abundant (1500 cells/mL) from summer to fall.
This study marks the first report of azaspiracid-1 and azaspiracid-2 in Chesapeake Bay,
and is among the first to report azaspiracids in US waters. The detection of these toxins
before a causative species has been identified in the Bay supports the use of SPATT as an
explorative tool in respect to emerging threats. The lack of karlotoxin, but detection of
Karlodinium veneficum, emphasizes that this tool should be considered complementary
but not replace more traditional HAB management and monitoring methods. The
detection of microcystin-LR in brackish waters signifies the transport of freshwater
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phycotoxins and/or algal species across the salinity gradient in this region. This study
highlights the importance of considering multiple phycotoxins of both fresh- and
saltwater origin when approaching environmental studies on HABs.
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INTRODUCTION
Chesapeake Bay is the largest estuary in the United States, spanning 11,600 km2
with a watershed that extends across 6 states from New York to southern Virginia. This
region is highly productive, supporting many commercial and recreational fisheries, as
well as an extensive aquaculture industry (Hudson 2018). Threats to this valuable
ecosystem are numerous and include issues like eutrophication (Kemp et al. 2005),
seasonal hypoxia (Hagy et al. 2004), organic pollutants (Baker et al. 1994), overfishing
and habitat loss (Wilberg et al. 2011), sea level rise (Eggleston and Pope 2013), and the
presence of harmful algae. At least 37 species of harmful algae have been documented
and are known to co-occur across both space and time in the lower Chesapeake Bay
(Marshall et al. 2009). Included in this list are both non-toxic species whose high biomass
blooms can elicit negative effects, and potentially toxic species that may have detrimental
impacts on the ecosystem or human health through phycotoxin production.
Within this group of toxigenic harmful algal species in the Bay are Dinophysis
spp., Pyrodinium bahamense and Gonyaulux spp.; Chattonella spp.; and Pseudonitzschia spp. (Marshall et al. 2005) that are known to produce phycotoxins associated
with global human syndromes diarrhetic shellfish poisoning (DSP), neurotoxic shellfish
poisoning (NSP), and amnesic shellfish poisoning (ASP), respectively (Visciano et al.
2016; Twiner et al. 2008; Kahn et al. 1996). Karlodinium spp., Alexandrium monilatum,
and Microcystis spp., have also been found in the Bay (Marshall et al. 2005; Marshall and
Egerton 2009), and have been shown, regionally, to produce phycotoxins with
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implications for aquatic animal health (Deeds et al. 2006; Galimany et al. 2008; May et
al. 2010; Harding et al. 2009; Pease 2016; Falconer 1999; Amando and Monserrat 2010).
To date, there have been no reported human health illnesses attributed to phycotoxin
exposure in Chesapeake Bay, and this region does not undergo recurring harvesting
closures due to the presence of harmful algae or associated phycotoxins (Marshall 1996;
Marshall et al. 2005). Long-term phytoplankton abundance data has been collected since
1984 through the Chesapeake Bay Monitoring Program, with 14 stations located
throughout the lower Bay. Phycotoxin data, however, is sparse, leaving resource
managers, health officials, and researchers without the necessary knowledge regarding
the occurrence and toxicity of local strains in preparation for biotoxin contingency plans.
Although there is no immediate cause for concern in the Bay, baseline knowledge of the
current state of phycotoxin distribution in this region is important, especially considering
Virginia’s growing emergence as a leader in aquaculture production (Hudson 2018).
Additionally, baseline data is necessary due to the potential for phytoplankton
assemblages to shift under changing environmental conditions (Wells et al. 2015), the
recent emergence of phycotoxins in the US that can be associated with the human
syndromes DSP (Campbell et al. 2008; Hattenrath-Lehmann et al. 2013; Trainer et al.
2013) and azaspiracid shellfish poisoning (AZP) (Trainer et al. 2013; Kim et al. 2017),
and the need to evaluate the potential for chronic phycotoxin exposure to humans and
aquatic animals .
To conduct a comprehensive screening of multiple phycotoxins, known or
possibly emerging in the Chesapeake Bay, solid-phase adsorption toxin tracking
(SPATT) was employed. Since its introduction in 2004 (MacKenzie et al. 2004), SPATT
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has been used in field studies investigating a wide range of phycotoxins: DSP toxins,
PTX2, YTX, AZAs, cyclic imines, ciguatoxins, DA, PSP toxins, microcystins,
nodularins, anatoxin, and maitotoxins (Roue et al. 2018). By design, SPATT is only
capable of sampling for phycotoxins in the dissolved form; therefore, measurements do
not include any toxins associated with particulate matter (e.g. remaining within the algal
cell, accumulated in organisms). For this study, we used SPATT with Diaion® HP-20
resin. Although multiple resins have been tested, Diaion® HP-20 is the most versatile
and widely used (Roué et al. 2018). This resin has been applied to compounds ranging
from the hydrophilic saxitoxins and domoic acid (Lane et al. 2010) to the cyclic peptide
microcystins (Kudela 2011) to the lipophilic DSP toxins (McCarthy et al. 2014). The
diversity in chemical structure and polarity of the toxins targeted using SPATT with
Diaion® HP-20 resin shows the potential for using SPATT as a screening tool for
multiple toxins that vary in polarity within a single environmental study. As a semiintegrative, passive sampling technique, SPATT is also useful for the detection of toxins
that may be present in low concentrations in the natural environment. We propose to
build on the growing collection of regions and toxins studied using SPATT by deploying
this tool for the first time in Chesapeake Bay to screen for 15 phycotoxins, ranging in
polarity and size.
More specifically, the goal of our study was to determine relative spatial and
temporal trends of phycotoxins throughout lower Chesapeake Bay, at twelve nearshore
sites, over the course of a 1-year field study using SPATT. Additionally, cell abundance,
salinity, temperature, and chlorophyll data were investigated for possible relationships
with toxin presence. The 15 marine and freshwater phycotoxins included in our SPATT
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analyses were: domoic acid (DA), brevetoxin-2 (PbTx-2), pectenotoxin-2 (PTX2),
okadaic acid (OA), dinophysistoxin 1 (DTX1), and dinophysistoxin 2 (DTX2),
yessotoxin (YTX), microcystin-RR (MC-RR), microcystin-YR (MC-YR), microcystinLR (MC-LR), karlotoxin 1 (KmTx 1), karlotoxin 3 (KmTx 3), goniodomin A (GDA),
azaspiracid-1 (AZA1), and azaspiracid-2 (AZA2). The latter two phycotoxins were
investigated despite no record of causative organisms in the Bay as an example for how a
phycotoxin-approach could identify emerging threats unnoticed by traditional light
microscopy.
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MATERIALS AND METHODS
1. Reagents and Analytical Standards
Acetonitrile (ACN), methanol (MeOH), isopropyl alcohol (IPA), and acetone
(ACT) used were LC-MS grade (Honeywell Burdick & Jackson, MI, USA). Ultrapure
water was prepared using a Milli-Q system (Millipore, Billerica, MA, USA). Formic
Acid Optima LC/MS (Thermo Fisher Scientific, Waltham, MA, USA), Ammonium
Formate Optima LC/MS (Thermo Fisher Scientific, Waltham, MA, USA), and
ammonium hydroxide eluent additive for LC-MS (≥25%, Honeywell Fluka, Charlotte,
NC, USA) were used for mobile phases. Formic Acid 98% (EMD Millipore, Merck,
Germany) was used in the LC-MS wash solution. Certified ACS-grade sodium hydroxide
(<99%) (Thermo Fisher Scientific Inc., Waltham, MA, USA) and certified ACS-grade
hydrochloric acid (>36%) (Thermo Fisher Scientific Inc., Waltham, MA, USA) were
used for alkaline hydrolysis reactions.
The following biotoxin certified reference materials were purchased from the
National Research Council Canada: azaspiracid-1 (CRM-AZA1-b), azaspiracid-2 (CRMAZA2-b), dinophysistoxin-1 (CRM-DTX1-b), dinophysistoxin-2 (CRM-DTX2-b),
okadaic acid (CRM-OA-d), pectenotoxin-2, (CRM-PTX2-b), and yessotoxin (CRMYTX-c). Brevetoxin-2 was purchased from Abcam (ab143469). A microcystin-RR, -YR,
-LR mixed solution was purchased from Sigma Aldrich (33578-1ML). Karlotoxin 1
(KmTx 1) and karlotoxin 3 (KmTx 3) were purified from Karlodinium veneficum and
provided by Allen Place (UMCES, Maryland). Goniodomin A was purified from
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Alexandrium monilatum by Constance and Tom Harris at VIMS (Harris et al. 2020) and
provided by Kimberly Reece.
2. Field Study
2.1 Sampling Design
The field study was conducted for one year, between May 2017 and June 2018,
throughout the lower Chesapeake Bay. Sampling was generally performed biweekly, with
more frequent sampling in periods of excessive biofouling in summer, and less frequent
sampling due to inclement weather in winter. At this frequency, two surface water
samples were collected for cell enumeration, a live and preserved sample, and
environmental parameters (i.e. salinity, temperature, chlorophyll α) were measured at the
surface using an YSI EXO3 (YSI Incorporated, Yellow Springs, OH, USA). One SPATT
passive sampler was deployed at each site; SPATTs were attached 1 m from the bottom
by anchor and replaced during each sampling event. Sampling was executed by personnel
from the Virginia Institute of Marine Science and the Virginia Department of Health.
2.2 Site Selection and Characterization
Twelve sites were selected for their geographical distribution around the Bay and
their relevance to shellfish growing areas, indicated by the colored regions on the map
(Figure 1). These colors also represent the four regions that the sites were divided into:
the northern tributaries (sites 1, 2, and 3), the southern tributaries (sites 4, 5, and 6), the
bayside Eastern Shore (sites 7, 8, and 9), and the seaside Eastern Shore (sites 10, 11, and
12). Each site was located nearshore, in shallow waters, and was accessible by dock.
Continuous monitoring data were used to validate discrete measurements of
salinity and temperature that were taken during each sampling event by handheld YSI
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EXO3. Five of the 12 study sites, York (site 4), Onancock (site 7), Nassawadox (site 8),
and Cherrystone (site 9), and Wachapreague (site 12) overlapped with continuous
monitoring stations of the Virginia Department of Environmental Quality/Chesapeake
Bay Shallow Water quality Monitoring Program; data was downloaded via the Virginia
Estuarine and Coastal Observing System (VECOS) web portal
(http://www.vims.edu/vecos). The VIMS Eastern Shore Laboratory (ESL) maintains the
continuous water quality station at Wachapreague using a YSI EXO2 data sonde. The
Wachapreague station is a land-based monitoring system connected to a floating pump
system. Surface water is pumped into a flow cell, where the water sample is analyzed and
reported to a live telemetry and control system provided by Green Eyes, LLC
(Cambridge, DE). The other 4 stations were equipped with YSI 6600 data sondes at
approximately 1.5 meters mean low water (MLW) with sensors measuring various water
quality parameters at 15-minute intervals. Continuous data over 3 years, from 2015-2018
for York, Onancock, Nassawadox, and Cherrystone and from 2016-2019 for
Wachapreague, were used to validate the discrete measurements of salinity and
temperature.
In addition, monthly, long-term water quality monitoring data from the
Chesapeake Bay Monitoring Program (CBMP) were used to determine whether this
study’s discrete temperature and salinity measurements fell within range of a typical year.
Six of the 12 study sites, Great Wicomico (site 1), Rappahannock (site 2), Gwynn’s
Island (site 3), York (site 4), James (site 5), and Lynnhaven (site 6), were situated near
established CBMP stations: CB5.4W, LE3.4, LE3.7, LE4.2, LE5.3, and CB8.1E,
respectively (Figure 1). Data from each of these six stations were averaged over 10 years,
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between 2008 and 2018, and discrete salinity and temperature measurements collected
during each sampling event were compared to the 10-year averages to characterize the
sampling period against the long-term mean.

Figure 1: Map of 12 field sampling sites in Lower Chesapeake Bay. Colors represent the
four regions: northern tributaries (sites 1, 2, and 3), southern tributaries (sites 4, 5, and 6),
bayside Eastern Shore (sites 7, 8 and 9), and seaside Eastern Shore (sites 10, 11, and 12).
Figure provided by Dr. Todd Egerton and Amanda Roach (VDH).
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3. Sample Processing and Analysis
3.1 SPATT Preparation
SPATTs were prepared using 3.15 g Diaion® HP-20 resin (Supelco, SigmaAldrich, St. Louis, MO, USA). The resin was soaked in 100% methanol overnight to
activate, and activated resin was placed between two pieces of 100-μm nylon mesh and
fastened into an embroidery hoop (Stitch Garden, Sew Essential, UK). After preparation,
SPATTs were soaked in beakers of ultrapure water overnight and subjected to bath
sonication for 10 minutes the following day. Finished SPATTs were stored in containers
of ultrapure water in the refrigerator until use.
3.2 SPATT Extraction
Centrifuge tubes, 50-mL, with removable PVDF 0.45-μm spin filter cups
(Thermo Fisher Scientific, Waltham, MA, USA) were used for extraction of 15 toxins
from SPATT resin. In preparation for extraction, SPATTs were removed from the freezer
and rinsed with ultrapure water to thaw and rinse residual salts. The embroidery hoop
was removed, and resin was carefully scraped from the nylon mesh into the filter cup of
the 50-mL centrifuge tube using a metal spatula. The filter cup was placed back into the
centrifuge tube, the tube was capped, and the sample was stored at -20ºC until extraction.
Spatulas were rinsed with ultrapure water between each sample.
Four sequential extractions were performed using 1) 10 mL 35% methanol, 2) 10
mL 100% methanol, 3) 10 mL 100% methanol, and 4) 10 mL 100% acetonitrile. First,
35% methanol (10 mL) was transferred by pipette into the resin-filled filter cup of each
centrifuge tube. Tubes were then subjected to bath sonication using a Branson 5800
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Ultrasonic Bath (Branson Ultrasonics Corporation, Danbury, CT, USA) for 30 minutes.
Water temperature in the bath was monitored and kept below 20ºC by adding ice during
bath sonication. After sonication, samples were centrifuged (Eppendorf North America,
Hauppauge, NY, USA) at 1500 rcf for 15 minutes at 10ºC, and the 35% methanol extract
was then transferred into a 15-mL centrifuge tube. Next, 100% methanol (10 mL) was
transferred by pipette into the resin-filled filter cup of each centrifuge tube. The above
process was repeated as written with the exception that centrifugation time was reduced
to 5 minutes for 100% methanol. Two 10-mL extractions using 100% methanol were
performed, and the extracts were pooled into one bulk, 20-mL extract. Additionally, a
100% acetonitrile extraction (10 mL) was performed after the 100% methanol extractions
using the same process as described above, with a centrifugation time of 5 minutes. All
extracts were stored at -20ºC until toxin analysis.
Percent recoveries were determined by incubating SPATT bags for 24 hours in
filtered seawater, S = 20, containing a final concentration 2.67 μg/L of MC-LR, MC-YR,
MC-RR, GDA, PbTx-2, YTX, PTX2, OA, DTX1, and DTX2, and 1.33 μg/L of AZA1
and AZA2. Domoic acid was not included in this recovery experiment; adsorption and
extraction efficiencies for a similar bulk method have been described in detail (Lane et al.
2010). Upon incubation, twenty-four hours were required for the removal of >99% of the
toxins from the filtered seawater. (Appendix B). SPATT bags were removed and
extracted as described for the field study; the remaining filtered seawater in each
incubation vessel was subjected to solid-phase extraction (SPE) using 3-cc Oasis HLB 60
mg cartridges (Waters, Milford, MA, USA) with 20-mL plastic reservoirs (Supelco,
Bellefonte, PA, USA) (Smith et al. 2018) to remove salts and concentrate analytes by
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10x. SPATT extracts, in methanol and acetonitrile, and seawater extracts were analyzed
by UPLC-MS/MS as described in Section 3.4. The latter measurement was used to
determine the amount of each toxin that did not sorb to the SPATT resin, and then the
following formula for the calculation of percent recovery was applied:

𝑔 𝑡𝑜𝑥𝑖𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝑔 𝑡𝑜𝑥𝑖𝑛 𝑙𝑜𝑎𝑑𝑒𝑑

×

100%, where 𝑔 𝑡𝑜𝑥𝑖𝑛 𝑙𝑜𝑎𝑑𝑒𝑑 = 𝑔 𝑡𝑜𝑥𝑖𝑛 𝑎𝑑𝑑𝑒𝑑 − 𝑔 𝑡𝑜𝑥𝑖𝑛 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑖𝑛 𝑣𝑖𝑎𝑙.
3.3 Cell Counts
Surface water samples were enumerated for harmful algal cells using a 1-mL
Sedgewick Rafter counting chamber and light microscopy (Olympus 1X51 with Olympus
DP73 digital camera and cellSens Standard software, Center Valley, PA, USA) (40x).
Larger volumes of water, 4 – 25 mL, were qualitatively evaluated for less abundant
genera (i.e. Dinophysis and Pseudo-nitzschia spp.), and data are represented as presence
or absence. Samples preserved with Lugol’s fixative (Carolina Biological Supply
Company, Burlington, NC, USA) were used for initial observation in cases where live
samples were not available or were over 48-hours old.
3.4 Toxin Analysis
For toxin quantification in SPATT extracts, the 35% methanol extracts were
analyzed by enzyme-linked immunosorbent assays (ELISA) for domoic acid. The toxins
in the pooled 100% methanol extracts were analyzed by ultra-performance liquid
chromatography – tandem mass spectrometry (UPLC-MS/MS) with a trapping dimension
(trap) and at column dilution (ACD) (Chapter 1). The 100% acetonitrile extracts from
SPATTs were only analyzed for PbTx-2 by UPLC-MS/MS with trap/ACD.
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The 35% methanol SPATT extracts were analyzed for domoic acid (DA) at the
Virginia Department of Health Division of Shellfish Safety laboratory using Domoic
Acid (ASP) ELISA kits (Abraxis Inc., Warminster, PA, USA) and an Abraxis plate
reader. Extracts were subject to a 1:2 dilution using the sample dilution buffer provided
within the kit to reduce methanol to 17.5% for better compatibility with the assay. To
verify that DA was still detectable under these conditions, two randomly selected 35%
methanol extracts (25 μL) were spiked to a final concentration of 5 μg/L by adding 25 μL
of the 10 μg/L DA standard provided by kit, in duplicate. The spiked samples were
positive by the ELISA test, and results ranged between 4.7 and 5.6 μg/L DA. This
dilution was deemed sufficient, and all extracts were thus subject to a 1:2 dilution with
the sample dilution buffer provided in the kit. The protocol, ON0021, then proceeded as
described by the manufacturer. All standards, samples, and controls were run in
duplicate. Samples that were positive for domoic acid upon first analysis were dried
down using an Integrated SpeedVac® System (Thermo Fisher Scientific Inc., Waltham,
MA, USA), reconstituted in ultrapure water (0.6 mL) to concentrate the sample threefold, and analyzed again by ELISA for confirmation and quantitation.
The 14 toxins included in the UPLC-MS/MS with trap/ACD analyses were MCLR, MC-RR, MC-YR, AZA1, AZA2, KmTx 1, and KmTx 3 in the acidic method, and
GDA, PbTx-2, YTX, PTX2, OA, DTX1, and DTX2 in the basic method. Parent >
daughter transitions were used for quantification, while parent > parent transitions were
used for confirmation. Method repeatability was previously tested (Chapter 1), and
percent relative standard deviations were <5% for all compounds, with the exception of
PbTx-2 at 7.18%. The original method did not include KmTx 1; transitions for this
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compound were added for the purpose of this study:1361.7 > 1361.7, 70V, 2eV and
1361.7 > 937.7, 70V, 80eV (Bachvaroff et al. 2008). The injection volume for each
sample was 100 μL, and standard curves were prepared in 100% methanol using a series
of 9 dilutions between 0.1 and 50 μg/L. Limits of detection (LOD) were between 0.01
and 0.25 μg/L for all compounds, with the exception of KmTx 3 at 0.64 μg/L (Chapter 1).
All samples with detectable AZA2 were rerun with an injection volume of 200 μL for the
quantification of AZA2 only, with a standard curve prepared in 100% methanol using a
series of 9 dilutions between 0.003 and 2 μg/L. During all analyses, blank injections of
100% methanol and injections of check standards, 5 μg/L for each toxin, were run after
each set of 15 SPATT extracts to confirm that carryover was not occurring and that
retention times remained consistent. All SPATT toxin data was normalized to μg toxin/g
resin/day; concentrations less than the limit of quantification are represented as ½ LOD,
and non-detects are represented as 0.
Alkaline hydrolysis was performed on select SPATT extracts to convert DSP
derivatives into the parent toxins OA and DTX1 (Villar-Gonzalez et al. 2008) and allow
comparison between toxin pools. Representative samples from the tributaries, bayside
and seaside Eastern Shore, during all four seasons, were included in the comparison to
ensure inclusion of a range of environmental matrices. More specifically, samples from
each of the three sites: York (site 4), Nassawadox (site 8), and Wachapreague (site 12),
were chosen from July 2017, October 2017, January 2018, and April 2018. For the
reaction, 63 μL of 2.5 M sodium hydroxide was added to 0.5 mL of each methanolic
SPATT extract. Samples were then placed in an Isotemp® GPD 10 water bath (Thermo
Fisher Scientific, Waltham, MA, USA) at 76ºC for 40 minutes. Samples were removed
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from the water bath, and 63 μL of 2.5 M HCl was added to each sample to neutralize the
reaction. The samples were analyzed by UPLC-MS/MS with trap/ACD as written above,
with a 100-μL injection volume.
3.5 Environmental Parameters
Multiple environmental parameters, including salinity and temperature, were
measured during each sampling event. Linear regression, i.e., regress function in
MATLAB, was used to determine whether salinity or temperature correlated to trends in
toxin amounts. Toxin data were assessed against salinity and temperature for each region
(Figure 1): the northern tributaries (sites 1, 2 and 3), the southern tributaries (sites 4, 5,
and 6), the bayside Eastern Shore (sites 7, 8, and 9), and the seaside Eastern Shore (sites
10, 11, and 12). Log transformations of the toxin data were used in place of raw data in
cases where data were not normally distributed, in which any zeros were replaced with
1e-10. Correlation coefficients (R2) and p-values are reported.
Continuous chlorophyll measurements from four of the VECOS monitoring
stations that overlap with our sampling sites (# 4, 7, 8, and 9) were analyzed for a
possible relationship with GDA on SPATTs. Pre-adjusted chlorophyll-α data were
averaged between SPATT collection dates and correlated to GDA measurements using
the regress function in MATLAB. Log transformations of the toxin data were used in
place of raw data in cases where data were not normally distributed. Correlation
coefficients (R2) and p-values are reported.
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RESULTS
1. Site Characterization
The 12 sites included in this study (Figure 1) were divided into four regions based
on location, and salinity regimes determined by point measurements: the northern
tributaries (sites 1, 2, and 3), the southern tributaries (sites 4, 5, and 6), the bayside
Eastern Shore (sites 7, 8, and 9), and the seaside Eastern Shore (sites 10, 11, and 12). The
northern tributary and southern tributary regions had the greatest ranges in salinity
values, from 8 to 22 and 8.7 to 26, respectively. Sites comprising these two regions had
high individual variability in salinity as well (Figure 5). Salinities for the bayside and
seaside Eastern Shore regions were more consistent and ranged from 15.2 to 26.4, and
22.7 to 37.5, respectively. Lynnhaven (site 6) also had a reduced range of salinity, 17.5 to
25, but was included in the southern tributary region due to geographical location and
because the site’s salinity fell within the range of the James River (site 5, S = 8.7 – 26),
another southern tributary site.
These regional separations also correspond to water flow patterns (Harrison 1967;
Tyler and Seliger 1978; Boicourt and Kuzmic 1999) that are related to the deep central
channel in the Bay, separating the bayside Eastern Shore on the east from the tributaries
(and Lynnhaven) on the west. The tributaries are highly influenced by freshwater inputs
from fluvial sources (Shubel and Pritchard 1986), precipitation (Gillson 2011), and
groundwater discharge (Luek and Beck 2014); the bayside Eastern Shore is also
influenced by these freshwater inputs (Knee and Jordan 2013; Reay et al. 1992) along
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with water from the Atlantic Ocean mixing in due to water flow patterns (Tyler and
Seliger 1978; Levinson et al. 1998). The seaside Eastern Shore is separated from the
inner Bay by the Delmarva peninsula. The sites within this region are situated along the
Atlantic coast, allowing for more direct exchange with water from the ocean, as reflected
by their elevated salinities.
To validate the point measurements collected by handheld YSI during each
sampling, surface water salinity and temperature point measurements were compared to
data collected every 15 minutes by YSI data sondes deployed at 5 of the 12 sites (sites 4,
7, 8, 9 and 12) through the VECOS program. The VECOS continuous monitoring data
was averaged across the three years that these data were collected. The discrete
measurements from this study generally corresponded with the continuous monitoring
data (Figures 2, 3), validating the use of discrete YSI measurements to investigate
relationships with phycotoxin data.
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Site 4

Site 7

Site 8

Site 9

Site 12

Figure 2: Temperature measurements (red) compared to 3-year averages (black) for York
(site 4), the bayside Eastern Shore (Sites 7, 8, and 9) and Wachapreague (Site 12). Gray
shadings represent standard deviations.
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Site 4

Site 7

Site 8

Site 9

Site 12

Figure 3: Salinity measurements (red) compared to 3-year averages (black) for York (site
4), the bayside Eastern Shore (Sites 7, 8, and 9) and Wachapreague (Site 12). Gray
shading represents standard deviations.
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Surface water salinity and temperature point measurements from this study were
then compared to 10-year averages for nearby stations of the CBMP: overlapping
locations were identified for six out of our 12 sites. Generally, this study’s discrete
measurements fell within average ranges for temperature and salinity (Figures 4, 5)
demonstrating that the sampling period represented a typical year. Some minor anomalies
were noted. The northern tributaries fell within normal range for temperature throughout
the year, while the southern tributaries experienced an overall warmer period in summer
2017 (Figure 4). Discrete salinity measurements generally fell within one standard
deviation of the mean; however, late-summer and fall 2017 were wetter than the rest of
the sampling period throughout most of the Bay, and within the southern tributaries, one
site (York, site 4) experienced a dry period in winter and spring (Figure 5).
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Site 1/CB5.4W

Site 2/LE3.4

Site 3/LE3.7

Site 4/LE4.2

Site 5/LE5.3

Site 6/CB1.8E

Figure 4: Discrete temperature measurements from this study (red) compared to 10-year
averages from CBMP long-term dataset (black) for 6 sites where overlapping data were
available. Gray shading represents one standard deviation.
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Site 1/CB5.4W

Site 2/LE3.4

Site 3/LE3.7

Site 4/LE4.2

Site 5/LE5.3

Site 6/CB1.8E

Figure 5: Discrete salinity measurements from this study (red) compared to 10-year
averages (black) from CBMP long-term dataset for 6 sites where overlapping data were
available. Gray shading represents one standard deviation.
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2. Toxin Recovery from SPATTs
The bulk SPATT extraction method was successful for the recovery of multiple
phycotoxins from Diaion® HP-20 resin, resulting in percent recoveries >87% in 100%
methanol (20 mL) for all but two compounds: PTX2 and PbTx-2 (Table 1). Low recovery
(16%) for PbTx-2 was achieved using an additional 100% acetonitrile extraction step.
The low percent recovery for PTX2 and PbTx-2 indicates that the relative amounts of
these two phycotoxins in SPATT extracts are likely artificially low using this extraction
method, as no corrections were made to toxin data based on percent recovery values. This
extraction method was, however, deemed sufficient given the screening application for
which it was to be used.

Table 1. Percent recovery of 13 toxins extracted in 100% methanol from Diaion® HP-20
SPATT resin using the bulk extraction method. The average percent recovery +/standard deviation of triplicate samples is reported.
Toxin
MC-RR
MC-LR
MC-YR
AZA1
AZA2
KmTx 3
GDA
PTX2
PbTx-2*
YTX
OA
DTX2
DTX1

Percent Recovery +/standard deviation
156 +/- 15
99 +/- 9
99 +/- 5
90 +/- 2
118 +/- 9
90 +/- 11
152 +/- 29
15 +/- 8
16 +/- 5
90 +/- 9
100 +/- 2
87 +/- 3
88 +/- 5

*Determined in 100% acetonitrile extract
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3. SPATT Toxin Data
Of the 15 toxins analyzed for, 8 were detected on field SPATTs: OA, DTX1,
PTX2, GDA, AZA1, AZA2, MC-LR, and DA. The other toxins included in analyses,
DTX2, MC-RR, MC-YR, KmTx 1, KmTx 3, YTX, and PbTx-2, were not observed in
any of the 100% methanol or 100% acetonitrile extracts from SPATTs deployed in this
study.
3.1 DSP Toxins and Pectenotoxin-2
The DSP toxins OA and DTX1 were detected at every time point from all 12
sites, while PTX2 was detected in all but one sample. DTX2 and YTX were never
detected. OA was always found in greater relative quantities than DTX1 in SPATT
extracts. The seaside Eastern Shore showed the highest relative amounts of DSP toxins
and PTX2 compared to all other regions (Figures 6, 7, 8). The highest recorded amounts
out of all samples tested for DSP toxins and PTX2 were 61 ng OA/g resin/day, 15 ng
DTX1/g resin/day, and 72 ng PTX2/g resin/day, during the summer (Wise Point, site 10).
Fine scale temporal variations in OA were observed at the site level; however, all peaks
fell between summer and fall: late July into early November (Figure 6), with the seaside
Eastern Shore (sites 10, 11, 12) peaking earliest. When OA amounts were elevated along
the seaside Eastern Shore and near the Bay mouth (Lynnhaven, site 6), PTX2 and DTX1
were also found in high amounts (Figures 7, 8). This positive trend for OA, PTX2, and
DTX1 is not seen within the other regions of the Bay, i.e., bayside Eastern Shore and
tributaries, where the three toxins seem less coupled: i.e., PTX2 and DTX1 amounts
seemed to decrease as OA increased and/or remained elevated.
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Figure 6: SPATT toxin data (ng OA/g resin/day) for OA across 12 sites within the lower Chesapeake Bay from May 2017 – June
2018.
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Figure 7: SPATT toxin data (ng PTX2/g resin/day) for PTX2 across 12 sites within the lower Chesapeake Bay from May 2017 – June
2018.
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Figure 8: SPATT toxin data (ng DTX1/g resin/day) for DTX1 across 12 sites within the lower Chesapeake Bay from May 2017 –
June 2018.
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Overall, the parent forms of OA and DTX1 were more commonly detected in
SPATT extracts relative to the esterified forms (Figure 9). The amount of esterified OA
was always lower than pure OA, and esterified DTX1 was only higher than pure DTX1 in
the bayside Eastern Shore during spring and summer.
The amount of esterified OA and DTX1 present in SPATT extracts varied by both
region and season (Figure 7). The bayside Eastern Shore (Nassawadox, site 8) had higher
percentages of esterified DTX1 in samples from all 4 seasons compared to the tributary
(York, site 4) and the seaside Eastern Shore regions (Wachapreague, site 12). The seaside
Eastern Shore (Wachapreague, site 12) had the lowest percentages of both esterified OA
and DTX1 in every season except for spring.
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A

B

Figure 9: Composition of total (a) OA and (b) DTX1 present in SPATT extracts across
regions: tributary (York, site 4), bayside Eastern Shore (Nassawadox, site 8) and seaside
Eastern Shore (Wachapreague, site 12). One SPATT extract per season from winter
(January), spring (April), summer (July), and fall (October) was chosen for alkaline
hydrolysis.
ST: southern tributaries; BES: bayside Eastern Shore; SES: seaside Eastern Shore
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3.2 Goniodomin A
GDA was detected in SPATT extracts from all four regions, with the exception of
two seaside Eastern Shore sites: Wachapreague (site 12) and Oyster (site 11), where the
toxin was never detected over the year-long study (Figures 1, 10). Within the southern
tributary region, 94% of SPATT extracts were positive for GDA. More specifically, GDA
was detected in all SPATT extracts from the York River (site 4), in all but one from
Lynnhaven (site 6), and in all but 4 from the James River (site 5). Seasonally, elevated
GDA amounts peaked during the late summer of 2017 in all regions, with the highest
recorded amount at 102,050 ng GDA/g resin/day from a SPATT collected from the
southern tributary region (York, site 4) (Figure 10). GDA was present within 65% of
SPATT extracts from the northern tributary region and 38% from the bayside Eastern
Shore; a seasonal period of interruption was observed during the colder months, i.e., an
absence of GDA in winter and early spring. The seaside Eastern Shore, near the Bay
mouth (Wise Point, site 10), had the least amount of SPATT extracts that were positive
for GDA with only 22% of samples from Wise Point containing the toxin.
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Figure 10: SPATT toxin data (ng GDA/g resin/day) for GDA across 12 sites within the lower Chesapeake Bay from May 2017 – June
2018.
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3.3 Azaspiracids
AZA2 was a predominant phycotoxin in the Bay, but in low amounts relative to
other phycotoxins. It was observed in every region with the exception of two sites: one in
the northern tributary region (Rappahannock, site 2) and one in the seaside Eastern Shore
region (Wachapreague, site 12) (Figure 11), where no AZA2 was detected at any time
points. AZA2 was present in summer, fall, and winter but generally absent in spring,
except for two sites at the Bay mouth (Lynnhaven, site 6 and Wise Point, site 10) where
AZA2 was observed during every season. AZA2 amounts were highest among the
southernmost sites across the regions, a trend consistent throughout the tributaries, the
bayside Eastern Shore, and the seaside Eastern Shore. Two of the southern tributaries
(York, site 4 and Lynnhaven, site 6) and one seaside Eastern Shore site (Wise Point, site
10) had the highest relative amounts of AZA2 compared to all sites. Seasonally, toxin
amounts peaked during the fall across the tributary regions and bayside Eastern Shore,
with the highest recorded amounts of 0.043 ng AZA2/g resin/day from a SPATT
collected in the southern tributaries (York, site 4). For the seaside Eastern Shore (Wise
Point, site 10), however, toxin amounts peaked earlier, at 0.030 ng AZA2/g resin/day
from the SPATT collected in summer.
A second azaspiracid, AZA1, was detected in SPATT extracts from the southern
tributary region (York, site 4 and Lynnhaven, site 6) in fall and winter after the injection
volume was increased to 200 μL for the quantification of AZA2. AZA1 occurrence in
SPATT extracts was sparse compared to AZA2, i.e. in 4 out of 33 extracts from York,
and 8 of 27 from Lynnhaven. These 12 extracts were positive for both AZA1 and AZA2,
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showing co-occurrence. Only trace amounts of AZA1 were detected, being at least an
order of magnitude below AZA2 in extracts.
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Figure 11: SPATT toxin data (ng AZA2/g resin/day) for AZA2 across 12 sites within the lower Chesapeake Bay from May 2017 –
June 2018.
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3.4 Microcysin-LR
MC-LR was present at very low concentrations in SPATT extracts, below the
limit of quantification of the method, but above the limit of detection; MC-RR and MCYR were never detected. MC-LR was not distributed throughout the Bay in space or
time; this freshwater phycotoxin was only detected in the southern tributary region during
late summer: in 4 SPATT extracts of 22 from the James River (site 5) and 5 extracts of 27
from Lynnhaven (site 6).
3.5 Domoic Acid
The 35% methanol extracts that were run by ELISA for DA were subject to a 1:2
dilution to reduce methanol to 17.5% for better compatibility with the kits. Out of the 24
diluted samples that were positive for DA upon first analysis, 23 were confirmed to
contain DA after dry-down, reconstitution, and re-analysis by ELISA. DA was present,
but at low amounts, in extracts from 7 of the 12 sites, at various times throughout the year
(Figure 12). With most sites having a limited number of extracts positive for DA (Figure
12), seasonality is not readily apparent. The highest amounts of DA were seen in summer
along the seaside Eastern Shore region (Wachapreague, site 12) at 0.25 ng DA/g
resin/day, and in spring 2018 within the southern tributary region (York, site 4) at 0.22 ng
DA/g resin/day. These amounts, however, are only slightly elevated compared to the rest
of the positive samples; concentrations of positive samples ranged from 0.05 to 0.25 ng
DA/g resin/day with a mean of 0.13 ng DA/g resin/day.
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Figure 12: SPATT toxin data (ng DA/g resin/day) for DA across 12 sites within the lower Chesapeake Bay from May 2017 – June
2018.
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4. Cell Counts
Three potentially toxigenic HAB species were successfully enumerated, i.e. above
the detection limit of 1 cell/mL for quantitative analysis: Alexandrium monilatum,
Karlodinium veneficum, and Chattonella subsalsa. The thecated, chain-forming
dinoflagellate Alexandrium monilatum, ranging from 5 – 1500 cells/mL, was observed in
samples between summer and early fall from the southern tributaries (York, site 4), the
bayside Eastern Shore (Onancock, site 7, Nassawadox, site 8, and Cherrystone, site 9),
and the seaside Eastern Shore, near the Bay mouth (Wise Point, site 10). An A.
monilatum bloom was observed in the York River (site 4) in the late summer of 2017
(8/3/2017 to 9/14/2017), as confirmed by high cell counts (>1000 cells/mL). Karlodinium
veneficum was observed between 12 and 455 cells/mL in samples from the northern
tributaries (Great Wicomico, site 1 and Rappahannock, site 2), the southern tributaries
(York, site 4 and James, site 5), and the bayside Eastern Shore (Onancock, site 7), in
every season except fall. In summer 2017, C. subsalsa was observed in 2 samples from
the bayside Eastern Shore (Nassawadox, site 8), both at 15 cells/mL.
Most causative cells, however, were generally sparse when enumerated by light
microscopy, and in some cases, the suspected species were not observed in any samples.
Dinophysis spp. was only observed in five of 321 total samples in the Bay, and Pseudonitzschia spp. was only observed in two samples. Cell concentrations for these two
genera cannot be reported, as these algae were only observed qualitatively as
presence/absence in supplemental larger-volume analyses. At the beginning of the
sampling period, in spring 2017, Dinophysis spp. was observed in one sample from the
northern tributaries (Rappahannock, site 2), one sample from the southern tributaries
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(Lynnhaven, site 6), and two samples from the bayside Eastern Shore (Cherrystone, site
9). In spring 2018, Dinophysis spp. was observed in one sample from the northern
tributaries (Gwynn’s Island, site 3). Pseudo-nitzschia spp. was only observed in summer
2017 in two samples from the bayside Eastern Shore (Cherrystone, site 9).
Potential causative organisms that were monitored for by microscopy, but never
observed during this study, include azaspiracid-producers Azadinium spp. and
Amphidoma languida, brevetoxin-producers Karenia spp. Chattonella marina, and
Chattonella antigua, yessotoxin-producers Protoceratium reticulatum, Gymnodinium
catenatum, Pyrodinium bahamense, Lingulodinium polyedrum, and Gonyaulax spp.,
okadaic acid-producer Prorocentrum lima, and microcystin-producers Microcystis spp.,
Oscillatoria spp., Dolichospermum, (Anabaena), and Planktothrix spp.
5. Environmental Parameters
5.1 Salinity and Temperature
SPATT toxin data for the most commonly detected phycotoxins in lower
Chesapeake Bay, OA, DTX1, PTX2, GDA, and AZA2, were assessed for correlations
with discrete surface-water salinity and temperature measurements for each of the four
regions (Table 2). Overall, salinity and temperature were not strongly correlated with the
presence of toxins. The northern tributaries, southern tributaries, and bayside Eastern
Shore displayed weak (0.19 < R2 < 0.50) to moderate (R2 > 0.50) positive correlations
between GDA and temperature, and the southern tributaries displayed an additional weak
positive correlation between GDA and salinity. Weak positive correlations were observed
between salinity and both OA and AZA2 for the southern tributaries and bayside Eastern
Shore. While the seaside Eastern Shore data did not display any relationships with
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salinity, OA, DTX1, and PTX2 all displayed weak positive correlations with temperature
in this region. The bayside Eastern Shore also exhibited a weak positive correlation
between temperature and PTX2.
5.2 Chlorophyll
Because the amount of GDA on SPATTs from the York (site 4) increased when
A. monilatum cell concentrations were elevated, continuous chlorophyll data, as a proxy
for algal biomass, were explored for relationships with GDA at the sites for which data
were available: the southern tributary site York (site 4), and the 3 bayside Eastern Shore
sites (sites 7, 8, 9) (Figure 1). Overall a trend was not observed between GDA and
chlorophyll, and where relationships were detected based on significant p value, the
results were weak and contradictory. More specifically, in the York River, chlorophyll
data exhibited a very weak positive correlation with SPATT toxin data for GDA (R2 =
0.1667, p=0.0226), but a weak negative correlation (R2 = -0.2730, p=0.0074) was seen
for Onancock (site 7). The other two sites did not show any relationship between GDA
and chlorophyll. When data from all 4 sites was combined, no positive correlation
between chlorophyll and GDA was observed.
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Table 2. Results from linear regressions of SPATT toxin data against discrete
measurements of salinity and temperature from four regions. R2 and p-values (α=0.05) of
the significant correlations are reported.
Toxin

Site
NT
ST
AZA2
BES
SES
NT
ST
GDA
BES
SES
NT
ST
OA
BES
SES
NT
ST
DTX1
BES
SES
NT
ST
PTX2
BES
SES

Salinity
R2
p-value
0.1335 0.0028
0.1991 0.0001
0.1626 0.0002
---0.1996 0.0002
0.2053 0.0001
----0.1505 0.0014
0.2536 8.0e-6
0.2367 5.0e-6
----0.1379 0.0014
0.1230 0.0014
----0.1274 0.0022
0.0791 0.0115
---

Temperature
R2
p-value
-0.1399 0.0021
------0.6873
1.50e-17
0.2200
4.0e-6
0.2372
5.0e-6
---0.1844 0.0004
----0.1635
0.0006
-0.0784 0.0239
0.1255
0.0024
--0.2823
3e-6
-0.0607 0.0479
0.3279
2e-7
--0.4609
1.98e-10

NT northern tributaries (Sites 1, 2, and 3)
ST southern tributaries (Sites 4, 5, and 6)
BES bayside Eastern Shore (Sites 7, 8, and 9)
SES seaside Eastern Shore (Sites 10, 11, and 12)
n.d. no data
-- correlation not significant (p>0.05)
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DISCUSSION
Establishing baseline data for the spatiotemporal distribution of phycotoxins
within the Chesapeake Bay was necessary; this region is known to harbor 37+ species of
harmful algae (Marshall et al. 2009), and changes in the ranges, frequency, duration, and
toxicity of HABs have been predicted with climate change (Hallegraeff 2010; Glibert et
al. 2014). To begin the process of understanding the distribution of phycotoxins and their
producers in this region, SPATT passive sampling was employed and paired with cell
enumeration and environmental measurements at 12 sites spanning the tributaries,
bayside Eastern Shore, and seaside Eastern Shore. By combining SPATT and UPLCMS/MS with trap/ACD technology, trace level analysis of multiple marine and
freshwater toxins in SPATT extracts was possible, resulting in the detection of a range of
toxins when their producers were undetectable in corresponding water samples.
This study is the first to show that multiple marine and freshwater phycotoxins
co-occur over spatial and temporal scales throughout the lower Chesapeake Bay. At least
one toxin group was detected at each sampling time point, showing presence of toxins in
the Bay over the entire year. Of the 15 toxins analyzed for, 8 were detected: OA, DTX1,
PTX2, GDA, AZA1, AZA2, MC-LR, and DA. This study marks the first report of
azaspiracids in the Chesapeake Bay, and is among the first to report these compounds in
U.S. waters (Trainer et al. 2013; Kim et al. 2017). The detection of the freshwater toxin,
MC-LR, on SPATTs in the lower Bay was also a novel finding for this region, and
parallels reports of freshwater phycotoxins in estuarine and marine environments in other
areas (Gibble et al. 2014; Miller et al. 2010; Peacock et al. 2018). Additionally, these
results are among few reports of domoic acid in Chesapeake Bay (Thessen and Stoecker
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2008). These discoveries highlight the importance of screening samples for multiple
toxins to advise management and research, especially in regions where historical
accounts of the toxins are limited.
1. Trends in Phycotoxin Distribution
Looking bay-wide, toxins co-occurred in time and space, with most SPATT
extracts positive for toxins from multiple classes (Figures 6-8, 10-12). DSP toxins were
present in every extract, and PTX2 was present in all but 1 extract, showing their
ubiquitous distribution in the Bay. Out of 321 total SPATT extracts analyzed, 244 (76%)
contained phycotoxins from more than one class, and 105 (33%) contained toxins from
three or more classes. Co-occurrence of phycotoxins was, therefore, widespread spatially
and temporally throughout the Bay. The small percent of samples (24%) in which DSP
toxins and PTX2 were the only toxins present were mostly collected during spring 2018,
suggesting this season may be a period of relatively low phycotoxin abundance in the
Bay. GDA and AZA2 tended to overlap with each other, with peaks in the summer
focused in the southern-most sites. AZA2, however, was more prominent than GDA,
being more wide-spread spatially and persisting through the winter when GDA was
seasonally absent at almost all sites; GDA was absent in 9 of the 12 sites during winter.
All toxins reached their peak amounts in summer and fall, i.e., between June and
November 2017, except for DA, which was only present in low amounts during summer
and fall on the seaside Eastern Shore, and in winter and spring in the southern tributaries.
The highest amounts of toxin were seen for GDA (Figure 10), ranging from 0 – 102,050
ng/g resin/day. PTX2 (Figure 7) ranged from 0 – 70 ng/g resin/day, while OA (Figure 6)
ranged from 0.22 – 61 ng/g resin/day and DTX1 (Figure 8) from 0.04 – 15 ng/g
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resin/day. Relatively lower amounts were observed for DA (Figure 12) and AZA2
(Figure 11), from 0 – 0.25 ng/g resin/day and from 0 – 0.043 ng/g resin/day. Trace
amounts of MC-LR and AZA1 were also detected in SPATT extracts, i.e. below limits of
quantification, so values are not listed, but their patterns of presence are discussed further
below.
Focusing on the four regions of the lower Chesapeake Bay: the northern
tributaries, the southern tributaries, and the bayside and seaside Eastern Shore, temporal
trends are apparent. Within the Bay, including the northern and southern tributary regions
and the bayside Eastern Shore region, the general progression of peak toxin amounts
transitioned from GDA in the summer, to DSP toxins, PTX2, and AZA2 dominating the
profile from late summer through early winter, to DA in the spring. Trace amounts of
MC-LR were also present in late summer-early fall in the southern tributary region. In the
seaside Eastern Shore region, the phycotoxin profile flipped, beginning with DA in the
spring and summer, followed by DSP toxins, PTX2, and AZA2 peaking in the summer,
and finally a peak in GDA that was delayed until early fall. Despite the seasonality of
maximum toxin amounts, many of these toxins (i.e. OA, DTX1, PTX2, AZA2, GDA),
co-occurred in the Bay throughout the entire sampling period in relatively low
concentrations.
The co-detection of multiple toxins in all seasons throughout the lower
Chesapeake Bay provides novel information about the state of phycotoxins in this region.
Although multiple toxins were detected, the Chesapeake Bay has had no human health
illnesses due to the presence of harmful algae or associated toxins in seafood, and this
region is not subject to recurring harvest closures due to phycotoxin contamination. It is
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possible, therefore, that phycotoxin amounts in this region are presently low enough to
avoid major human health implications. Low-level chronic exposure, however, remains
possible, and these baseline data are important for establishing the current state of the
system.
1.1 DSP Toxins and Pectenotoxin-2
PTX2, OA, and DTX1 were ubiquitous across all spatial and temporal scales
(Figures 6, 7 and 8), though Dinophysis spp. were only qualitatively observed during
spring, in 5 surface water samples out of 321, and were never above the lower detection
limit for enumeration, 1 cell/mL. This is despite the fact that 16 species of Dinophysis
spp. have been previously documented within the mainstem regions of the Chesapeake
Bay (Marshall et al. 2005). While OA and DTX1 are produced by both Dinophysis spp.
and Prorocentrum lima, PTX2 is only known to be produced by Dinophysis spp. Because
PTX2 was found concurrent with OA and DTX1, and Prorocentrum lima has not been
documented in the Chesapeake Bay region (Marshall et al. 2005, this study), it is likely
that Dinophysis spp. are indeed producing these toxins in the nearshore Bay.
The consistent, year-round presence of DSP toxins and PTX2 in the system, i.e.,
outside of the short period when cells were present, could be due to low background cell
abundances or chemical persistence in the aqueous environment. Constant, background
populations of Dinophysis spp. could be present throughout the Chesapeake Bay region,
continuously producing low amounts of toxins that are being passively or actively
released into the environment and sorbed by the SPATT resin. Alternatively, these
compounds (OA, DTX1, PTX2) are persisting in the environment after being released
from algal cells, allowing detection on SPATT long after the population of Dinophysis
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dissipates. Some level of chemical persistence is probable, as OA can remain stable in
seawater (Blanco et al. 2018), and results from a preliminary toxin-loading experiment
indicate that DTX1 and PTX2 may behave similarly in seawater (Appendix B, Table 1).
Instrumental blanks included during toxin analyses were consistently negative for DSP
toxins and PTX2, indicating that the observed persistent presence is not due to carryover
between samples.
The mismatch between DSP toxin peaks in the summer and fall and the lack of
causative cells could also be due to increases in cell abundance at depth that were missed
by this study. Water samples for cell enumeration were collected from the surface to
follow typical HAB monitoring in the Bay; however, SPATTs were deployed at 1 m from
the bottom, separating the sample types in space. A subsurface increase in cell
abundance, and concurrent increase in extracellular toxins, would be represented on the
SPATT, but not in microscopic cell counts for Dinophysis spp. Evidence for higher cell
abundances at depth lies in results from another mid-Atlantic estuary, Long Island Sound,
NY (Hattenrath-Lehmann et al. 2018), where DSP toxins were present in SPATT extracts
at similar amounts reported herein but with concurrent Dinophysis spp. cell
concentrations at 123 cells/mL, three orders of magnitude above our detection limit.
Dinophysis spp. is also reported to occur in thin layers, subsurface (Moita et al. 2006; Xie
et al. 2007; Rines et al. 2010), further indicating that cells may be missed in surface water
samples. Alternatively, the Dinophysis species within Chesapeake Bay could be more
toxic than in Long Island Sound, resulting in higher toxin amounts in the Bay at lower
cell abundances.
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For the latter to occur, environmental conditions would need to drive Dinophysis
spp. to produce and release more toxin in the summer and fall, leading to elevated
amounts of extracellular toxins detected on SPATT. Environmental conditions such as
temperature, light, or the availability of nutrients and/or prey can influence the amount of
toxin produced by a Dinophysis cell (Tong et al. 2011; Tong et al. 2015; HattenrathLehmann et al 2015). Although no strong relationships were observed between DSP
toxins or PTX2 and salinity, peaks for these toxins generally occurred when temperatures
were warmer (Figures 4, 6-8), in agreement with weak positive correlations detected
between DSP toxins and PTX2 and temperature in some regions (Table 2). Nutrients,
light, and prey availability were not measured in this field study, but our temperature
results do provide some evidence for increase in relative toxin production and release by
Dinophysis during the warmer months.
Differences were observed in toxin profiles for DSP toxins and PTX2 between
SPATTs collected from within the Bay, i.e., tributary regions and bayside Eastern Shore
region, and those collected from outside the Bay, within the seaside Eastern Shore region.
When OA was elevated outside the Bay, PTX2 and DTX1 were also relatively elevated.
Within the Bay, however, PTX2 and DTX1 amounts generally decreased as OA
increased and/or remained elevated (Figures 6, 7, and 8). These differences may indicate
the presence of a distinct population of Dinophysis along the Atlantic coast, as strains
and/or species of Dinophysis have been observed with different toxin profiles in other
regions (MacKenzie et al. 2005; Fux et al. 2011; Tong et al. 2015). One site in particular,
Lynnhaven (site 6), presents a unique case due to its proximity to the mouth of the Bay
(Figure 1), i.e., located in a region influenced by both tributaries and exchange with the
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Atlantic Ocean (Tyler and Seliger 1978; Levinson et al. 1998). In the summer months,
Lynnhaven exhibited a similar relationship to that of the high-salinity seaside Eastern
Shore, where OA, PTX2, and DTX1 were concurrently elevated. When OA amounts
decreased in the late winter and spring at Lynnhaven, however, PTX2 and DTX1
amounts increased again, similar to trends seen within the Bay. This site, therefore, may
be experiencing changes in Dinophysis speciation with time due to the influence of water
masses from the Atlantic Ocean and within the Bay (Tyler and Seliger 1978; Levinson et
al. 1998).
In addition to the parent toxins, the amount of DSP toxins in an esterified form
was calculated. The amount of esterified OA and DTX1 varied by region and season
(Figure 9), from 0% – 45% and 0% – 87%, with mean values (+/- standard deviation) of
25% +/- 14% and 29% +/- 31%, respectively. Overall, there was more DSP toxin present
as parent structures than esterified forms in the SPATT extracts across regions and
seasons. The presence of esterified compounds in the SPATT extracts indicate that
Dinophysis species in the lower Chesapeake Bay region produce these esters (MacKenzie
et al. 2005; Hackett et al. 2005; Fux et al. 2011) and/or that shellfish depuration releases
them into the water column (Torgerson et al. 2008). As esterified forms can be present in
high amounts and may contribute to shellfish toxicity, i.e. directly or through conversion
back into parent structures (FAO 2004), these analyses provide a more comprehensive
understanding of the total toxin present. Similar amounts of esterified OA (19%), and
lower amounts of esterified DTX1 (8%), were found in SPATT extracts in Long Island
Sound (Hattenrath-Lehmann et al. 2018).
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1.2 Goniodomin A
In the summer and early fall, extracellular GDA was elevated within the Bay
(Figure 10). This timing coincides with when Alexandrium monilatum is typically
observed in the lower Chesapeake Bay and water temperatures peak (Marshall and
Egerton 2009). The moderate correlations between GDA data and temperature in the
northern tributary region and the weak correlations observed in the southern tributary and
bayside Eastern Shore regions (Table 2) are, therefore, likely due to this seasonal timing
of A. monilatum growth. This link between GDA and A. monilatum was lost, however,
when chlorophyll α was used as a proxy for algal biomass and regressed against GDA
(see Section 5.2 Chlorophyll). Additionally, elevated cell counts for A. monilatum were
only recorded in 2% of samples, while GDA was present in 50% of SPATT extracts.
While chlorophyll α is an important indicator for high biomass blooms that can cause
hypoxia or anoxia in bottom waters, these results suggest that chlorophyll alone cannot be
used to predict phycotoxin presence or distribution.
In the southern tributary region, where GDA was found in greatest abundance, the
toxin was present in SPATT extracts throughout the year, while in the other regions,
GDA was absent in the winter months (Figure 10). Because GDA rapidly degrades in
water (Appendix B, Table 1), it is unlikely that this compound persists in the dissolved
form within the water column throughout the year. The detection of toxin in SPATT
extracts from non-bloom conditions in the southern tributaries could thus be related to
reversible physiochemical interactions that may stabilize this compound from
degradation, i.e. complexation with potassium (Tainter et al. 2020), or sorption to
particulate organic matter, a process observed with the structurally similar PTX2
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(Kuuppo et al. 2006; Wu et al. 2019). The ability to detect GDA in SPATT extracts also
suggests that, once bound to Diaion® HP-20 resin, GDA resists degradation, at least to
some extent.
GDA, and possibly Alexandrium monilatum cells, are susceptible to southern
transport towards the Bay mouth as surface water flows seaward due to Chesapeake Bay
water circulation (Tyler and Seliger 1978; Levinson et al. 1998). The southern tributary
region had one site (York, site 4) with elevated A. monilatum cell concentrations in
August, reaching bloom-level cell concentrations of up to 1500 cells/mL and
corresponding in time with the highest measurements for GDA in SPATT extracts.
Similarly, the southern 2 sites within this region, James (site 5) and Lynnhaven (site 6),
had similarly high amounts of GDA in SPATT extracts during this period (Figure 10).
Peak GDA amounts at the southernmost seaside Eastern Shore site (Wise Point, site 10)
occurred later in September, possibly indicating a fleeting pulse of the phycotoxin and/or
cells at this site due to the flushing of cells and/or toxin from the large bloom in the York
one month earlier. Alexandrium monilatum and GDA were never detected along the
northern seaside Eastern Shore (Oyster, site 11 and Wachapreague, site 12) (Figure 1)
indicating that while GDA and cells are likely transported to the mouth by Bay of the
southern tributary region, they are not transported north along the Atlantic coast after
flushing from the Bay.
1.3 Azaspiracids
The azaspiracid toxin group is currently regulated in edible shellfish meat at 160
µg AZA2/kg in the EU (Twiner et al. 2008) but is not yet included in US guidance limits.
Spatiotemporally, AZAs were present in low amounts within every region of the Bay, in
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every season except spring. AZA2 was the predominant congener, with relatively lower
amounts of AZA1 present; AZA1 was only detected in 4% of samples, and its presence
was focused in the southern tributary region in the fall and winter, when AZA2 was
highest in this region.
Although AZA2 was often observed on SPATTs from this study, relative amounts
of AZAs were extremely low across all sites in which they were observed compared to
other phycotoxins quantified: DSP toxins, PTX2, GDA (Figure 11). As acceptable
recovery was obtained for both AZA1 and AZA2 in SPATT extractions (Table 1), these
low concentrations in SPATT extracts are likely reflective of low concentrations of
dissolved compounds in the water column. In Ireland, where shellfish are often
contaminated with AZAs above the EU regulatory limit (Salas et al. 2011), the amounts
of AZA2 on SPATTs were consistently 1 – 2 orders of magnitude higher than observed
in this study, and AZA1 was always found in higher amounts than AZA2 (Fux et al.
2009).
The results from this study (Figure 11) suggest that AZAs and/or their causative
species may originate in the southern portion of the lower Chesapeake Bay, or that water
flow could transport cells and/or AZAs into the Bay from the Atlantic Ocean near the
Bay mouth (Tyler and Seliger 1978; Levinson et al. 1998). The southernmost sites within
the Bay, across all regions, had the highest amounts of AZA2 and presence of AZA1,
further indicating that the population of species or production of toxin begins or is
concentrated in the southern portion of the lower Bay. Based on the timing of peak AZA2
amounts in SPATT extracts (Figure 11), the southernmost seaside Eastern Shore site of
Wise Point (site 10) may be the source of this compound or the origin of the causative
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species, and the breakdown of stratification in the Bay moving into winter could contain
the species and/or toxin within the southern part of the lower Bay (Tyler and Seliger
1978).
No causative cells were observed in this study; however, these dinoflagellates are
difficult to detect by light microscopy: Azadinium with a mean length of 13.8 μm and
width of 8.8 μm (Tillmann et al. 2009), and A. languida between 13 - 15 μm long and 10
- 15 μm wide (Tillmann et al. 2012). The causative species for the presence of AZAs in
Chesapeake Bay waters, therefore, remains unknown. Alternative methods, such as
molecular techniques (Trainer et al. 2017), may be necessary for the quantitation of these
species in the future. Knowing the presence and distribution of this emerging toxin group
throughout the lower Chesapeake Bay raises the awareness that this region does indeed
harbor these compounds, thus guiding local monitoring programs to consider AZAs in
biotoxin contingency plans and focus efforts in discovering the potential causative
species, e.g., Azadinium spp. and/or Amphidoma languida, in the Bay.
1.4 Microcystins
MC-LR was found in SPATT extracts from the southern tributary region (James,
site 5 and Lynnhaven, site 6) only in late summer, confirming that trace amounts of
freshwater phycotoxins can be present in brackish waters of Chesapeake Bay. MC-RR
and MC-YR, however, were not detected in any samples. The high recovery (Table 1) for
these three compounds suggests that these results are reflective of low presence in the
system. The presence of MC-LR only within the southern tributary region in late summer
indicates that this compound is not widespread throughout the Chesapeake Bay, but is
more likely associated with episodic bloom events in the upstream, freshwater reaches of
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the tributaries. Microcystins have previously been reported in upstream, tidal waters of
the Chesapeake Bay (Tango and Butler 2008; Bukaveckas et al. 2018) and in the aquatic
and terrestrial food webs of this system (Wood et al. 2014, Bukaveckas et al. 2017). The
timing of MC-LR found on SPATTs collected from the lower James River (site 5, Figure
1) would coincide with the Microcystis peaking upstream in July-August and flowing
down river to the sub-estuary (Wood et al. 2014). Although some cyanobacterial species
can proliferate in brackish waters (Tonk et al. 2007), no causative species were observed
in surface water samples by light microscopy. The source of these compounds to the
estuarine environment is, therefore, likely freshwater flow bringing microcystins and/or
cyanobacterial cells downstream.
1.5 Domoic Acid
Low amounts of DA have been observed in the Chesapeake Bay in both
phytoplankton and water samples, including in one site in the lower Chesapeake Bay
within the York River (Thessen and Stoecker 2008). This study expands on the limited
knowledge about DA distribution in the lower Bay. DA was present in SPATT extracts
from 7 of the 12 sites (Figure 12), spanning all four regions. Pseudo-nitzschia spp.,
however, was only observed in one water sample from the bayside Eastern Shore region
(Cherrystone, site 9), but this site had no samples positive for DA. Only 7% of all SPATT
extracts were positive for DA, and presence was sporadic in some cases with multiple
sites only having one sample with detectable amounts (Figure 12). As a hydrophilic
compound, DA is susceptible to loss during water rinses before extraction from Diaion®
HP-20 resin (Lane et al. 2010), resulting in artificially low amounts in SPATT extracts.
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These results, therefore, may underestimate the amount of DA present throughout the
lower Chesapeake Bay.
The highest recorded value for DA was 0.25 ng DA/g resin/day from the seaside
Eastern Shore region (Wachapreague, site 12) in fall; however, this value is relatively
low, as positive samples only ranged from 0.05 to 0.25 ng DA/g resin/day. Similarly, this
study’s maximum DA SPATT values were 2 – 3 orders of magnitude lower than the
highest amounts observed in a field study using SPATT on the US West Coast (Lane et
al. 2010). Pseudo-nitzschia spp. are known to reside within Chesapeake Bay (Marshall et
al. 2005), with highest abundances in the winter and spring (Thessen and Stoecker 2008),
corresponding to the observed timing of peak DA amounts in the southern tributary
region (this study). The low DA values and lack of visual counts reported in this study
suggest that DA and its causative species should continue to be monitored, but are not
likely a major threat to human health in the lower Bay.
2. Additional Phycotoxins to Consider
SPATT sampling, extraction, and detection methods used in this study were
appropriate to screen for the 15 phycotoxins investigated. The 7 toxins included in
analyses, but not detected in any samples were DTX2, PbTx-2, YTX, MC-RR, MC-YR,
KmTx 1, and KmTx 3. Dinophysis spp. produces OA and DTXs, but DTX2 has not been
reported in Atlantic strains of Dinophysis spp. (Fux et al. 2011; Tong et al. 2015; Wolny
et al. 2020), and similarly was not detected in any samples from this study. DTX2 has,
however, been recently documented in Monterey Bay, CA on the US West Coast (Shultz
et al. 2019). Yessotoxin and brevetoxin-2 were not found in this study; however, potential
toxin producers, Pyrodinium bahamense and Gonyaulux spp., and Chattonella subsalsa
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and Chattonella verruculosa, respectively, have been previously observed in the
Chesapeake Bay (Marshall et al. 2005). While the extraction efficiency for yessotoxin
was high, 90%, the recovery of PbTx-2 was low, 16% (Table 1), suggesting relatively
higher amounts of PbTx-2 would need to present in the water column for detection on
SPATT. This study, therefore, does not confirm or refute the presence of PbTx-2 in the
Bay.
Karlodinium veneficum frequently blooms in the Chesapeake Bay and is
associated with the production of karlotoxins KmTx 1 and KmTx 3 (Li et al. 2015;
Bachvaroff et al. 2008); however, karlotoxins were not detected in this study.
Karlodinium veneficum cells were present in water samples from 5 of the 12 sites, with
the highest cell concentrations in the northern tributary region, at 455 cells/mL
(Rappahannock, site 2), in spring 2018. The K. veneficum observed could have been a
non-toxic strain (Adolf et al. 2009), cell concentrations may have been too low to
produce a detectable amount of karlotoxin (Adolf et al. 2015), or degradation or sorption
mechanisms could have rendered karlotoxin concentrations too low for detection.
Karlotoxin recovery using the described extraction method was sufficient, 90%, and
therefore cannot explain the lack of reported karlotoxins in the Bay. The absence of
karlotoxin but presence of causative cells emphasizes that SPATT should not replace
traditional sampling strategies, but instead remains useful as a complementary tool for
monitoring and management purposes.
Although the SPATT extraction and UPLC-MS/MS with trap/ACD methods used
for this study encompassed a wide range of phycotoxins, there may be additional
phycotoxins present in Chesapeake Bay that were not included in analyses. PSP toxins
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(e.g. saxitoxin) are produced by both marine (Alexandrium spp., Pyrodinium spp.,
Gymnodinium spp.) and freshwater (Anabaena circinalis, Aphanizomenon spp.,
Cylindrospermopsis raciborskii, Lyngbya wollei) species (Pearson et al. 2010), many of
which have been observed in the Chesapeake Bay region (Marshall et al. 2005). Other
freshwater phycotoxins could also be present in this region due to the presence of the
anatoxin producer, Anabaena flos-aquae and the cylindrospermopsin producer
Aphanizomenon flosaquae (Marshall et al. 2005; Pearson et al. 2010). (Pearson et al.
2010).
3. Benefits and Limitations: Cell Counts and SPATT
A combination of factors likely led to the observed decoupling of cell abundance
and extracellular toxins in SPATT extracts. Most importantly, the timing of sample
collection differed between these two types of samples. While SPATTs remained in the
water for ~2 weeks, being exposed to toxins over that entire period, cell samples were
only collected on the shoulders of the SPATT deployment, i.e., giving us a “snapshot” on
the day of deployment and recovery. This inherently allows us to detect trace amounts of
phycotoxins better than low cell abundances. Dissolved toxins may persist in the water
column after the causative species population declines, and/or these compounds may
disperse vertically and horizontally, while cells have more control over their positioning
in the water column (Thomas and Walsby 1985; Kamykowski et al. 1992; Moita et al.
2006; Xie et al. 2007; Rines et al. 2010). Cell samples were collected near the surface,
while SPATTS were submerged 1-2 m below the surface, separating these samples in the
water column. As sampling was often performed in the early afternoon, negative
phototaxis triggered by high irradiance could result in the absence of phytoplankton cells
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in the surface water, and therefore samples taken for cell counts could underrepresent the
subsurface presence of causative species.
These discrepancies between cell counts and toxin data emphasize the usefulness of
SPATT as a screening tool for co-occurring phycotoxins and possible chronic exposures.
Although SPATT does not provide strictly quantitative measurements of toxin
concentrations in the environment, the power of this technique lies in its integrative
ability to accumulate toxins from the water over time, allowing for the detection of trace
amounts of toxins when cells may not be detectable by conventional microscopy
methods.
4. Relevance and Management Considerations
Overall, Chesapeake Bay contained lower phycotoxin amounts, as according to
SPATT, than other regions experiencing frequent shellfish closures in the protection of
human health. While, DSP toxin amounts on SPATT in this study were similar to those
reported in another mid-Atlantic estuary (Hattenrath-Lehmann et al. 2018) and southern
Norway (Rundberget et al. 2009), these values were much lower than SPATT amounts
observed in Ireland (Fux et al. 2008; Fux et al. 2009; McCarthy et al. 2014) and Spain
(Pizarro et al. 2013), areas with regular closures in the prevention of DSP. Additionally,
AZA2 and DA detected on SPATTs from Chesapeake Bay in this study were much lower
than amounts detected on SPATTs deployed in Ireland (Fux et al. 2008; Fux et al. 2009)
and Norway (Rundberget et al. 2009) or on the US West Coast where Pseudo-nitzschia
spp. blooms are common (Lane et al. 2010). Together this suggests that while
phycotoxins are indeed present and persistent in the Bay, there is likely a reduced risk to
consumers due to reduced toxin amounts.
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Additional levels of protection may be added through the major shellfish products
harvested and farmed in the Chesapeake Bay: the Eastern oyster (Crassostrea virginica)
and hard clam (Mercenaria mercenaria). Species-specific accumulation of phycotoxins is
apparent; in the Long Island Sound, blue mussels (Mytulis edulis) and ribbed mussels
(Geukensia demissa) accumulated more DSP toxins, while Eastern oysters and soft shell
clams (Mya arenaria) generally accumulated less (Hattrenrath-Lehmann 2018). While
ribbed mussels and soft shell clams are present in the Chesapeake Bay, the Eastern oyster
aquaculture in the Chesapeake Bay region was valued at $15.9 million in 2017, behind
only the hard clam industry at $37.5 million (Hudson 2018). Although similar amounts of
DSP toxins on SPATT were observed in this study compared to areas with elevated
shellfish toxicity: Long Island Sound (Hattenrath-Lehmann et al. 2018) and southern
Norway (Rundberget et al. 2009), shellfish within the Chesapeake Bay are not regularly
associated with DSP toxin contamination above the regulatory limits. The Eastern oyster
and hard clam may be less susceptible to phycotoxin accumulation and/or may have
faster depuration rates than mussel species.
While SPATTs are beneficial as a complementary tool for monitoring purposes
for the protection of human health and research, it is important to emphasize that strong
correlations between SPATT toxin and accumulation in shellfish have not been found
(Fux et al. 2009; Rundberget et al. 2009; Pizarro et al. 2013; Hattenrath-Lehmann et al.
2018). In some cases, SPATTs have accumulated toxin well in advance, i.e. weeks,
before shellfish, (MacKenzie et al. 2004; Lane et al. 2010; Li et al. 2016; HattenrathLehmann et al. 2018), suggesting its possible use as an early warning system. In other
studies, however, SPATT provided no early warning before toxin accumulation in
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shellfish (Fux et al. 2009; Rundberget et al. 2009; Pizarro et al. 2013; HattenrathLehmann et al. 2018). The link between SPATT toxin accumulation and amounts in local
shellfish are currently unknown. Further studies linking toxin accumulation on SPATT
resin to 1) concentrations within the water column, e.g., uptake kinetics, equilibrium, or
degradation studies on SPATT (Fux et al. 2008; Fan et al. 2014), or 2) accumulation of
dissolved toxins in seafood products are necessary to progress the utility of this passive
sampling technique in a management context in the Bay.
This work was conducted through a collaboration between VIMS and VDH.
Involving managers in this type of explorative research ensures that results are properly
disseminated to necessary parties. With studies that may directly affect public health and
safety, it is especially important to involve managing bodies in all stages of project
development and implementation. The results from this study suggest that to get a
complete understanding of phycotoxin distribution within the Chesapeake Bay,
phytoplankton monitoring alone may not suffice. SPATT could be beneficial as a
complementary tool for monitoring and management, as the presence of certain
phycotoxins in SPATT extracts can direct which species and toxins managers should
address. Further research, however, is necessary to understand how SPATT data relates
to cell abundances, concentrations of phycotoxins in the water, or accumulation in
commercial seafood products within the dynamic system of Chesapeake Bay. Until
appropriate indicators (e.g. temperature, salinity, chlorophyll) for toxin presence and
concentration are identified and can be incorporated into modeling, SPATTs will remain
useful to understand the distribution of phycotoxins, to gauge any changes in toxin
amounts in the Bay, and to identify any emerging toxins in this region. The discovery of
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AZAs in this region was a novel finding, and this information has already influenced how
VDH implements their monitoring program. Continued partnerships between academic
institutions and state departments will ensure that we remain proactive and prepared for
potential impacts due to phycotoxin contamination, especially as environmental changes
take effect.
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Conclusions
The production of phycotoxins in estuarine environments can disrupt critical
ecosystem dynamics, impact aquaculture facilities and the fishing industry, and threaten
human health. Phycotoxin contamination is particularly concerning to seafood producers,
such as those within the shellfish industry, and the governing bodies charged with
managing the sale and export of seafood to ensure the safety of public health. Although
Chesapeake Bay is not subject to recurring harvesting closures due to phycotoxin
contamination, understanding what phycotoxins are currently present and providing
baseline information is necessary to remain proactive about potential outbreaks in the
future. Monitoring for phycotoxins in this region is, therefore, necessary for the safety of
public health, and advancements to monitoring and analysis methods are beneficial to
current monitoring programs. The ability to measure multiple groups of phycotoxins
present in a single sample is useful for both research and state monitoring programs
regarding multi-species or multi-toxin exposures.
The first chapter of this thesis provides a highly sensitive analytical method for
the quantification of 14 phycotoxins ranging in polarity and causative phytoplankton
species. This method has proven useful as a screening tool for phycotoxin contamination
using SPATTs and may also be compatible with various other environmental samples
including whole water samples, filtered water samples, algae, or even seafood. In a
region such as Chesapeake Bay, where the current state of phycotoxin distribution was
relatively unknown, this method was valuable for its use in screening hundreds of SPATT
samples across a wide range of areas. The second chapter documents the first
consolidated effort to understand the distribution of phycotoxins produced by multiple
species of harmful algae throughout the lower Chesapeake Bay. Out of 15 toxins tested
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for, 8 were identified across 12 sites spanning the tributaries, bayside, and seaside Eastern
Shore. These include the diarrhetic shellfish poisoning toxins OA and DTX1, the EUregulated PTX2, the azaspiracid shellfish poisoning toxins AZA1 and AZA2, the amnesic
shellfish poisoning toxin DA, the freshwater-derived MC-LR, and GDA, produced by the
dinoflagellate Alexandrium monilatum. Detecting AZA1 and AZA2 in Chesapeake Bay
waters was a novel finding for this region.
All toxins detected were found in extracts from SPATT samples, while cell counts
from surface water grab samples were largely negative for the causative species. This
discrepancy emphasizes the importance of implementing other methodologies for the
detection of cells in water samples (e.g. molecular techniques), but also highlights the
usefulness of SPATT as an explorative tool to understand toxin presence and relative
distribution in an aquatic environment. Combining SPATT with the sensitive, multi-toxin
analytical method that was developed in Chapter 1 allowed for the detection of trace
amounts of multiple toxins present in the Chesapeake Bay, where certain species of
harmful algae are not dominant members of the phytoplankton community assemblage.
There are, however, caveats to using this passive sampling technique. Though widely
used in the field of harmful algae and phycotoxins, the Diaion® HP-20 resin commonly
used for SPATT sampling has not been fully characterized for these compounds, and the
equilibrium dynamics and kinetics of the sorption and desorption are largely unknown.
The results from these samples, therefore, cannot be equated to a concentration present in
the environment at a given time. SPATT also only accumulates toxins that are present in
the dissolved form in the water column. Any compounds that remain within the algal cell
or associated with particulate matter will not be detected using this method. Additionally,
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there are currently gaps in knowledge about whether organisms can uptake these toxins
from the dissolved form, or whether a phytoplankton cell containing toxin must be
consumed for accumulation within an organism to occur. Answering these questions is
crucial to begin to understand how SPATT measurements relate to the greater
environmental context.
Disseminating the information presented here is crucial for the advancement of
harmful algal bloom and toxin monitoring and research in Chesapeake Bay.
Understanding the distribution of phycotoxins and their associated harmful algal cells has
provided vital baseline knowledge about the current state of these phycotoxins in the
region. These studies were designed and conducted with colleagues at the Virginia
Department of Health, and the data generated from these experiments has guided state
monitoring programs and efforts. These results may also serve to advance modeling
efforts for a better understanding of physical drivers influencing toxin production and
transport. Though the future of harmful algae in Chesapeake Bay in the face of a
changing climate remains uncertain, these baseline data serve as a record of the current
state of phycotoxin distribution in the region, and will continue to be useful in guiding
further research and management.
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APPENDIX A: MASS SPECTROMETRY PARAMETERS
In developing the UPLC-MS/MS with trap/ACD method for the analysis of 13
marine and freshwater phycotoxins (Chapter 1), mass spectrometer parameters (i.e. cone
voltage and collision energy) for each compound had to be determined. Direct infusion
experiments using each compound were performed to determine these parameters.
1. Mass Spectrometry Conditions: Methods
A tandem quadrupole Xevo TQ MS (Waters, Milford, MA, USA) equipped with
electrospray ionization (ESI) was used with multiple reaction monitoring (MRM) for
detection. Capillary voltage was 3.00 kV, desolvation temperature was 450ºC,
desolvation gas flow was 1100 L/hr, collision gas flow was 0.15 mL/min, and source
temperature was 150ºC. The mass spectrometer was operated in both ESI+ and ESImodes.
Before chromatography was evaluated in Chapter 1, direct infusion experiments
were performed on all 13 phycotoxins included in this method development to optimize
cone voltage values for each compound, and collision energy values were tested by
evaluating the production of fragment (daughter) ions. A concentrated solution (50 – 100
µg/L) of each compound was prepared in methanol. Each solution was individually
introduced into the mass spectrometer through direct infusion. First, composite spectra
across 30 MS scans were assessed for various cone voltage values, starting at 20V and
increasing in 10V increments. Optimum cone voltage was determined as the cone voltage
value that produced the highest molecular ion signal. Using the optimized cone voltage,
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composite spectra across 30 MS/MS scans were then assessed. Starting at 5eV, collision
energy was increased by 5eV for each consecutive spectrum. From these spectra,
daughter ions and associated collision energies were evaluated. The collision energy
values that resulted in the highest relative signal for the daughter mass compared to the
parent mass were selected. Once these values were chosen, the exact mass for the
daughter ion was chosen by observing the m/z value corresponding with the apex of the
daughter ion peak.
2. Mass Spectrometry Conditions: Results
Cone voltages, MRM transitions, and collision energies (Table 1) were chosen for
each compound included in the UPLC-MS/MS with trap/ACD method development
(Chapter 1) based on spectra obtained during direct infusion experiments. All compounds
were assessed in both positive and negative ionization modes, and the mode resulting in
the highest signal was chosen. Of the 13 compounds used to develop these methods, most
were best detected in ESI+ mode, however, 4 analytes (OA, DTX1, DTX2, YTX) were
best detected by mass spectrometry using ESI-. Due to the limited availability of purified
material, KmTx 3 did not undergo direct infusion, and literature values were instead used
for the purpose of method development (Bachvaroff et al. 2008).
While it would be repetitive to show all spectra that resulted from the infusion
experiments, PTX2 is provided as an example. PTX2 exhibited the highest signal
intensity at a cone voltage of 30 V, and the parent > daughter transition was most
effective at a collision energy of 30 eV (Figure 1) resulting in the highest relative signal
intensity for the daughter mass (m/z 841.5) compared to the parent mass (m/z 876.6).
Parent > daughter transitions observed in this study resulted in a loss of sensitivity due to
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poor fragmentation. To compensate for this loss in sensitivity, one parent > daughter
transition was chosen for confirmation, and the parent > parent transition was chosen for
quantification. All parent > parent transitions were evaluated using a collision energy of
2eV to negate fragmentation.

Table 1. Mass spectrometry parameters for 13 phycotoxins determined through direct
infusion experiments.
Analyte

Ionization
Mode

Adduct

Molecular
Ion m/z

DA
MC-RR
MC-YR
MC-LR
AZA1
AZA2
KmTx 3
OA
DTX1
DTX2
PTX2
YTX
PbTx-2

ESI+
ESI+
ESI+
ESI+
ESI+
ESI+
ESI+
ESIESIESIESI+
ESIESI+

H+
2H+
H+
H+
H+
H+
Na+
-H
-H
-H
NH4+
-2H
H+

312.0
520.0
1045.5
995.5
842.4
856.4
1347.7
803.5
817.5
803.5
876.6
571.1
895.4
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Cone
Voltage
(V)
30
30
30
30
30
30
70
30
30
30
30
30
40

Dominant
Transition
Detected
312.0 > 266.1
520.0 > 135.1
1045.5 > 135.1
995.5 > 135.1
842.4 > 824.6
856.4 > 838.6
1347.7 > 937.7
803.5 > 255.5
817.5 > 113.0
803.5 > 255.5
876.6 > 841.5
571.1 > 467.7
895.4 > 877.3

Collision
Energy
(eV)
15
30
85
85
30
30
80
60
70
60
30
30
20

Figure 1: Composite MS/MS spectra of a 100-µg/L PTX2 solution under collision energy
values of 25eV, 30 eV, 35 eV, and 40eV. The highest relative signal of the daughter ion
(m/z 841.5) to the parent ions (m/z 876.6) occurred with a collision energy of 30 eV.
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APPENDIX B: SPATT EXTRACTION METHOD DEVELOPMENT
Before analyzing field samples, laboratory methods were developed for the
extraction and quantification of multiple phycotoxins of interest from SPATT samples.
The extraction method development and implementation are described below, while the
UPLC-MS/MS toxin analysis method was previously developed (Chapter 1).
1.

Methods

1.1 SPATT Preparation
For the purpose of extraction method development, SPATTs were prepared by
transferring 3.15 g Diaion® HP-20 resin (Supelco, Sigma-Aldrich, St. Louis, MO, USA)
into 100-μm nylon mesh bags, approx. 2 in. wide by 3 in. tall, sealed with a PFS-200
Impulse Sealer (ULINE, Pleasant Prairie, WI, USA). The bags were soaked in 100%
methanol overnight for resin activation. Bags were then transferred into beakers of
ultrapure water and soaked overnight before being subjected to bath sonication for 10
min without heat using a Branson 5800 Ultrasonic Bath (Branson Ultrasonics
Corporation, Danbury, CT, USA). SPATT bags were stored at 4ºC in the refrigerator
until use.
1.2 Toxin Loading
First, preliminary experiments were performed to determine how to successfully
load multiple toxins onto SPATT resin in the laboratory. For these preliminary
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experiments, SPATT bags were placed into 20-mL scintillation vials containing either
ultrapure water or filtered seawater and spiked with a multi-toxin solution containing
GDA, KmTx 3, OA, DTX1, DTX2, MC-YR, MC-RR, MC-LR, AZA1, AZA2, PTX2,
YTX, and DA. Seawater was collected from the Virginia Institute of Marine Science Pier
(York River), filtered using a 0.22-μm Whatman filtration cartridge (GE Healthcare UK
Limited, Buckinghamshire, UK), and autoclaved. The vials were placed on a shaker table
in the dark. In triplicate, vials were removed at various time points (6 hr, 12 hr, 24 hr, 48
hr, 72 hr). At each time point, 8 vials were removed from the shaker table: 3 containing a
SPATT in spiked ultrapure water, 3 containing a SPATT in spiked filtered seawater, 1
control with no SPATT in spiked ultrapure water, and 1 control with no SPATT in spiked
filtered seawater. SPATTs were removed from the vials, rinsed with ultrapure water, and
frozen. The water remaining in the vials was subjected to solid-phase extraction (SPE)
using Oasis® HLB extraction cartridges (Waters Corporation, Milford, MA, USA) on a
vacuum manifold to obtain a measurement for the amount of each toxin left in each vial.
Controls containing toxin but no SPATT bag were also subject to SPE to determine
whether any loss (e.g. degradation) due to mechanisms other than sorption to the SPATT
resin could occur over the course of the treatment. SPE cartridges were equilibrated with
3 mL 100% methanol, followed by 3 mL ultrapure water. Water was poured from each
vial into a SPE cartridge fitted with a 20-mL reservoir. At a flow rate no greater than 1
mL/min, SPE cartridges were loaded, washed with 3 mL ultrapure water, and eluted with
2 mL 100% methanol. All samples were analyzed by UPLC-MS/MS (see Chapter 2,
section 3.3 Toxin Analysis), and SPATT bags were frozen at -20ºC for use in a
preliminary extraction experiment (see section 1.3 Preliminary Extraction Experiments).
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After preliminary toxin loading experiments were complete, a final toxin loading
method was chosen to prepare loaded SPATTs for the extraction experiments. SPATT
bags were loaded with a known amount of 13 toxins (AZA1, AZA2, DTX1, DTX2, OA,
PTX2, YTX, PbTx-2, MC-RR, MC-LR, MC-YR, PbTx-2, and KmTx 3) in 20-mL glass
scintillation vials filled with 17 mL of the filtered, autoclaved seawater described above.
A mixed toxin stock solution with was prepared in 100% methanol to a final
concentration of 400 μg/L of each toxin, with the exception of AZA1 and AZA2 each at
200 μg/L. A 100-μL aliquot of the multi-toxin stock solution was added to each 20-mL
scintillation vial for a final concentration of 2.67 μg/L for MC-LR, MC-YR, MC-RR,
GDA, PbTx-2, YTX, PTX2, OA, DTX1, and DTX2, and 1.33 μg/L for AZA1 and AZA2.
SPATT bags were placed into each vial after the toxins were added, and the vials were
shaken for 24 hours in the dark on a shaker table.
At 24 hours, SPATT bags were removed from the glass scintillation vials and
rinsed with ultrapure water. The bags were then frozen at -20ºC until extraction. The
remaining filtered seawater in each of the 20-mL scintillation vials was subjected to
solid-phase extraction (SPE) to obtain a measurement for the amount of each toxin left in
the vial that did not sorb to the SPATT resin. The SPE step was conducted as written
above, but with one exception. To account for toxins adhering to the glass walls of the
scintillation vials. 1 mL of 100% methanol was added to each empty glass scintillation
vial, vials were shaken by hand, and the methanol was added to the filtered seawater in
the 20-mL SPE reservoir. All samples were analyzed by UPLC-MS/MS (see Chapter 2,
section 3.3 Toxin Analysis). The amount of each toxin successfully loaded onto each
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SPATT was calculated as follows: 𝑔 𝑡𝑜𝑥𝑖𝑛 𝑙𝑜𝑎𝑑𝑒𝑑 = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑔 𝑡𝑜𝑥𝑖𝑛 𝑎𝑑𝑑𝑒𝑑 −
𝑔 𝑡𝑜𝑥𝑖𝑛 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑖𝑛 𝑣𝑖𝑎𝑙.
1.3 Preliminary Extraction Experiments
Method development for the multi-toxin SPATT extraction technique involved
multiple steps. First, preliminary experiments were performed to determine extraction
solvent composition and materials. Methanol was used as the primary extraction solvent
because of its extensive use for extracting various toxins ranging in polarity in other
SPATT studies found in the literature.
We initially sought to determine the highest percentage of methanol that could be
used as a first extraction cut. This cut would serve both as an extract containing domoic
acid and as a clean-up step to reduce the carbon content in the final extract, extending the
life of UPLC columns. In a preliminary experiment, consecutive 10-mL extractions of the
SPATT bags loaded with toxin from the preliminary toxin loading experiment (see
section 1.2 Toxin Loading) were performed, increasing the methanol composition by 10%
for each extraction step. Extractions were carried out in 60-mL plastic syringes (Coviden
LLC, Mansfield, MA, USA) fitted with 0.22-μm Durapore® PVDF filters (Merck
Millipore, Cork, Ireland), and each extraction step was performed for 45 minutes with
syringes taped to a shaker table. The extracts were separately analyzed for each toxin by
UPLC-MS/MS (see Chapter 2, section 3.3 Toxin Analysis) to determine the elution
profile of each toxin across the increasing percentages of methanol.
We also tested different vessels for containing the resin during the extraction
process. In the preliminary extraction experiment described above, 60-mL plastic
syringes fitted with luer lock filters were used. Resin was placed within the syringe
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barrel, the extraction solvent was added to the syringe barrel, and after appropriate
agitation to ensure contact time between resin and solvent, the extraction solvent was
pushed through the syringe filter into a vial. We also tried transferring resin into 50-mL
centrifuge tubes, adding the extraction solvent, agitating, and then centrifuging to
separate the resin from the extract. Finally, Centrifugal Filter Tubes (Thermo Fisher
Scientific, Waltham, MA, USA), 50-mL centrifuge tubes with an inset 0.45-μm PVDF
filter cup, were tested. The SPATT resin and extraction solvent are placed in the filter
cup within the centrifuge tube, the tube is agitated, and the tube is then subject to
centrifugation so that the extract goes through the filter to the bottom of the tube while
the resin remains separated from the extract, held within the filter cup.
Once the centrifugal filter tubes were chosen as the extraction vessel,
centrifugation time, speed, and temperature were then optimized to ensure that the
maximum amount of extraction solvent went through the filter to the bottom of the tube,
without breakthrough of the resin through the filter. These preliminary optimization
experiments were performed using clean resin that had not been loaded with toxin.
1.4 Experimental Extractions
After centrifugation parameters were decided, we performed percent recovery
experiments in which we varied the agitation step (i.e. shaker table vs. bath sonication),
the agitation time (i.e. 10 minutes vs. 30 minutes) the volume of extraction solvent (i.e. 5
mL vs. 10 mL), and the amounts of repeating 100% methanol and 100% acetonitrile
extraction steps after an initial 35% methanol extraction for DA. Our purpose during
these experiments was to balance the amount of labor and time required for each
extraction process with the percent recovery values for each toxin. For all experimental
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extractions, 50-mL centrifuge tubes with a removable PVDF 0.45-μm spin filter cup
(Thermo Fisher Scientific, Waltham, MA, USA) were used.
Percent recovery for each toxin was calculated as

𝑔 𝑡𝑜𝑥𝑖𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑
𝑔 𝑡𝑜𝑥𝑖𝑛 𝑙𝑜𝑎𝑑𝑒𝑑

× 100%,

where 𝑔 𝑡𝑜𝑥𝑖𝑛 𝑙𝑜𝑎𝑑𝑒𝑑 = 𝑔 𝑡𝑜𝑥𝑖𝑛 𝑎𝑑𝑑𝑒𝑑 − 𝑔 𝑡𝑜𝑥𝑖𝑛 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑖𝑛 𝑣𝑖𝑎𝑙.
1.5 Total Organic Carbon Analysis
Total organic carbon (TOC) analyses were performed on the 35% and 100%
methanol extracts from three SPATT samples that were each deployed for two weeks in
March-April 2018: one from the York River (SPATT collected 4/19/2018), one from
Nassawadox (SPATT collected 4/6/18), and one from Wachapreague (SPATT collected
4/4/2018). A 2-mL aliquot from each extract was dried down using an Integrated
SpeedVac® System (Thermo Fisher Scientific Inc., Waltham, MA, USA). The system
was operated at room temperature under 5.1 torr for 3 hours. Dry material was then
analyzed for TOC at IMET using an Exeter CE-440 Elemental Analyzer (Exeter
Analytical Inc., North Chelmsford, MA, USA), method EPA 440.0.
2. Results and Discussion
To satisfy the needs of our multi-toxin focused study, a method suitable for the
extraction of multiple phycotoxins from Diaion® HP-20 SPATT resin was developed.
The extraction method was specifically developed to streamline the extraction process,
moving away from the time-consuming method of packing SPATT resin into empty glass
SPE reservoirs and extracting using a vacuum manifold (Fux et al. 2008). We sought to
develop a bulk extraction method that could be manageable for the extraction of over 400
SPATTs in a short period of time.
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2.1 Preliminary Toxin Loading Experiments
2.1.1 Toxin Loading

From preliminary toxin loading experiments, 24 hours was chosen as the optimal
loading time. After SPATTs were removed at 24 hours in the filtered seawater treatment,
only trace amounts of GDA, PTX2, and DTX1 were present in the remaining water at
1.0%, 1.4%, and 0.5% of the initial amount added, respectively (Table 1). In the ultrapure
water treatment, trace amounts of GDA, PTX2, KmTx-3, OA, DTX1, DTX2, MC-RR,
MC-LR, MC-YR, and AZA2 were detectable in the remaining water at 24 hours, ranging
from 0.2 – 3.7% of the initial amount added (Table 1). These results suggest that the
toxins tested in this preliminary study are better able to partition to Diaion® HP-20 resin
from filtered seawater than from ultrapure water. In the controls containing water, toxin,
and no SPATT bag, loss of toxin due to degradation or other mechanisms was observed
at various time points for each toxin (Table 2).
Table 1: Percent of each toxin remaining in filtered seawater and ultrapure water after
SPATT removal during the preliminary toxin loading experiment. Individual vials were
removed at each time point. Standard deviations of triplicate samples are reported in
parentheses.
t=6
UPW FSW
3.5
2.5
(1.6) (2.2)

t=12
UPW FSW
1.8
1.6
(1.3) (0.8)

t=24
UPW FSW
1.1
0
(0.1)

t=48
UPW FSW
0.5
1.7
(0.5) (0.5)

t=72
UPW FSW
0.9
2.2
(0.4) (1.9)

MC-LR

1.1
(1.0)

1.5
(1.7)

0.9
(1.1)

0

0.2
0
(0.04)

0

0.1
(0.2)

0

0

MC-YR

0.9
(0.9)

0.8
(1.4)

0.9
(0.3)

0

0.6
0
(0.05)

0.2
(0.4)

0

0

0.1
(0.2)

AZA1

22
(16)

5.0
(4.7)

5.1
(4.6)

0

3.7
(0.3)

0

1.5
(2.5)

0.8
(1.3)

1.5
(2.5)

0

AZA2

32
(28)

6.2
(5.4)

11
(6.2)

0

0

0

0

1.6
(1.4)

0

0.4
(0.7)

MC-RR
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KmTx-3 4.6
(3.6)

3.6
(4.5)

4.9
(1.9)

0.7
(0.6)

2.5
0
(0.05)

0.8
(1.5)

0.5
(1.0)

0.8
(1.5)

1.2
(0.4)

GDA

20
(14)

10
(6.8)

3.5
(1.4)

1.7
(1.5)

2.1
(0.2)

1.0
(1.0)

0.4
(0.6)

0

1.3
(2.3)

0.3
(0.6)

PTX2

17
(12)

8.6
(7.7)

3.3
(0.4)

1.2
(0.5)

2.6
1.4
(0.06) (0.7)

0.7
(0.8)

1.3
(0.9)

1.0
(1.0)

0.7
(0.3)

PbTx-2

24
(21)

0

0

0

0

0

0

0

0

0

YTX

0.9
(1.5)

13
(12)

0

0

0

0

0

0

0

0

OA

8.8
(5.6)

3.7
(3.9)

2.4
(1.6)

0.7
(0.6)

0.9
0
(0.04)

0.3
(0.5)

0.6
(1.0)

0.3
(0.5)

0.3
(0.6)

DTX2

9.7
(5.3)

4.5
(5.4)

3.7
(1.4)

0.8
(0.8)

0.5
0
(0.09)

0.4
(0.6)

0

0

0.5
(0.9)

16
9.4
(11) (9.5)
UPW ultrapure water
FSW filtered seawater

3.1
(0.4)

1.2
(1.0)

1.2
0.5
(0.05) (0.6)

0.6
(1.0)

0.8
(1.4)

0

0.9
(1.0)

DTX1

Table 2: Percent of each toxin remaining in filtered seawater and ultrapure water controls
during the preliminary toxin loading experiment. Individual vials were removed at each
time point.
t=6
UPW FSW
MC-RR
92
87
MC-LR
98
89
MC-YR
84
94
AZA1
78
100
AZA2
80
81
KmTx-3 72
71
GDA
57
7
PTX2
101
104
PbTx-2
67
52
YTX
121
100
OA
111
101
DTX2
110
102
DTX1
110
103
UPW ultrapure water
FSW filtered seawater

t=12
UPW FSW
86
94
93
89
80
86
69
91
75
59
85
82
4
1
40
86
19
32
97
73
93
90
93
109
92
99

t=24
UPW FSW
90
83
99
70
86
77
56
120
57
77
65
64
1
0
17
102
28
18
53
48
70
51
66
57
66
52
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t=48
UPW FSW
91
95
98
90
87
108
80
107
66
91
83
86
0
0
28
98
34
0
45
43
68
60
58
64
63
65

t=72
UPW FSW
92
105
97
106
95
109
45
101
55
86
69
86
0
0
13
102
11
0
50
43
65
61
66
73
55
59

Analysis of the controls shows that AZA1, AZA2, and PTX2 remain in solution
longer in filtered seawater compared to ultrapure water. Loss of toxin over time in the
water controls could be due to various mechanisms, including degradation due to heat or
hydrolysis, or sorption to the walls of the glass vials. These mechanisms were not further
explored in this study.
With this information, we could then load multiple toxins onto SPATT resin in a
controlled laboratory setting for subsequent extraction method development experiments.
To load the SPATTs, filtered seawater was spiked with dissolved toxins in 20-mL glass
scintillation vials, and SPATT bags were added to the vials. After 24 hours of agitating
via shaker table, the SPATT bags were removed from the glass scintillation vials. The
filtered seawater remaining in the glass scintillation vials was subject to SPE to
concentrate the remaining toxins and remove salts, and subsequently analyzed for any
remaining amounts of toxin that did not sorb to the SPATT resin. In order to
quantitatively measure percent recovery, the amount of each toxin that was successfully
loaded onto each SPATT was calculated by subtracting the amount of each toxin
remaining in the filtered seawater after SPATT removal from the original amount of each
toxin added to the vials at the beginning of the loading process. This calculation does not,
however, take into account any loss of toxin due to any other mechanisms (e.g.
degradation, loss through SPE).
2.1.2 Extraction Vessel

Various extraction vessels were tested within preliminary experiments. In initial
preliminary experiments, 60-mL syringes fitted with luer lock PVDF filters were used.
First, Diaion® HP-20 resin that had not been loaded with toxin (3.15 g) was placed in the
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syringe barrel, extraction solvent was added, and an attempt was made to push the
extraction solvent through the filter. The resin beads accumulated at the bottom of the
syringe barrel, restricting the flow of liquid through the opening and into the filter. When
the resin was placed within mesh bags inside the syringe barrel, however, the solvent was
able to move past the resin bags. To test this method further, resin bags that had been
loaded with multiple toxins for 24 hours in the preliminary toxin loading experiment
were extracted using these syringes. Although this method resulted in acceptable
recovery of the volume of extraction solvent added, great force was needed to push the
full volume past the SPATT bags, and this method was deemed unsuitable.
Centrifuge tubes, 50-mL, were next examined for feasibility of use in tests using
resin that had not been loaded with toxin. The resin and extraction solvent were added to
the centrifuge tubes, agitated, and the tubes were centrifuged for various amounts of time.
After 30 minutes of centrifuging, small resin particles were still present in the
supernatant, so this method was not explored further. The final method tested was the use
of 50-mL centrifugal filter tubes. These were first tested with resin that had not been
loaded with toxin to determine the centrifugation time, speed, and temperature that
resulted in the best recovery of the volume of extraction solvent added. For 35%
methanol, 15 minutes was needed to recover the maximum volume, while only 5 minutes
was needed for 100% methanol and acetonitrile. The centrifugation speed was optimized
at 1500 rcf, and temperature within the centrifuge was kept at 10ºC. These tubes were
then used for all subsequent extraction experiments.
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2.1.3 Extraction Solvents

In a preliminary extraction experiment, toxin-loaded SPATTs (see section 1.2
Toxin Loading) were sequentially extracted in 60-mL syringes using a series of 11
extraction steps, starting at 100% ultrapure water and increasing the methanolic
extraction solvent by 10% between each extraction step (Figure 1). Results showed that
by 30% methanol, most of the total-extracted domoic acid, a hydrophilic compound, had
been extracted from the resin, and at 40% methanol microcystins were detectable in the
extracts. These results from our preliminary experiments guided our decision to use 35%
methanol for the first extraction step. In other studies using SPATT for DA, 50%
methanol has been used as the extraction solvent (Lane et al. 2010). Using 35%
methanol, however, isolated domoic acid from all other compounds and allowed for an
achievable dilution to analyze for DA by ELISA.
Results from this preliminary experiment also showed a difference between
SPATTs loaded in ultrapure water and SPATTs loaded in filtered seawater. When
SPATTs were loaded in ultrapure water, there was a greater variance between replicates
upon extraction compared to when they were loaded in filtered seawater (Figure 1). This
finding, combined with the desire to more closely mimic the salinity at which SPATTs
would be deployed in the field, drove the decision to load SPATTs in filtered seawater
for subsequent extraction experiments.
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Figure 1: Results from the preliminary extraction experiment. Consecutive 10-mL extractions were performed starting with ultrapure
water and increasing by 10% methanol for each extraction step. The SPATTs used for extraction were previously loaded with toxin
for 24 hours in (A) filtered seawater and (B) ultrapure water. Bar height represents the percent of total toxin extracted across all steps
in the extraction step indicated on the x-axis. The dotted line represents the chosen 35% methanol cut for the first extraction step.
Error bars report standard deviation across triplicate samples.
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2.2 Total Organic Carbon
The 35% methanol extraction step, while serving as an extract for domoic acid to
be run by ELISA, also acted as a clean-up step to reduce the amount of carbon (i.e.
extraneous compounds) in the final, 100% methanol extract. To test whether the 35%
methanol extraction step was successful in reducing carbon, we selected one SPATT each
from three sites (York River, Nassawadox, and Wachapreague) and analyzed the 35%
and 100% methanol extracts for TOC. The amount of carbon present in the 35%
methanol extract compared to the total indicates that this step was successful in reducing
the number of extraneous compounds present in the 100% methanol extract (Table 2).

Table 2: Total organic carbon content in 35% methanol and 100% methanol extracts
from 3 sites, York (site 4), Nassawadox (site 8), and Wachapreague (site 12).

4-York
8-Nassawadox
12-Wachapreague

35% MeOH
carbon (mg)
5.95
3.76
6.05

Percent of
total carbon
20%
21%
29%

100% MeOH
carbon (mg)
23.82
14.13
14.69

Percent of total
carbon
80%
79%
71%

2.3 Final Extraction Method
The final extraction method was chosen based on percent recovery results from
experiments that tested the volumes of extraction solvent (5 mL vs 10 mL), agitation
method (shaker table vs bath sonication), and agitation time (10 min. vs 30 min.).
Between 5 mL and 10 mL, 10 mL was chosen as the volume for each extraction step, as
recoveries were higher compared to 5 mL. After the 35% methanol extraction step, two
consecutive 10 mL 100% methanol extraction steps were applied, and the resulting
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extracts were pooled together. A fourth, 100% acetonitrile extraction step was added due
to the lack of recovery for PbTx-2 in 100% methanol. This step resulted in 16% +/- 5%
recovery for PbTx-2. Agitation via shaker table resulted in lower recoveries for almost all
compounds. Bath sonication for 30 minutes was thus chosen as the agitation method, as
although average recoveries across triplicate samples were similar between 10 minutes
and 30 minutes, standard deviations were lower for the 30-minute treatment group.
The final extraction method (see Chapter 2, section 2.4.1 SPATT Extraction)
resulted in a range of percent recoveries across the 14 toxins tested (Table 3). Because
low concentrations were used due to the availability of material, small differences in
concentration upon quantification yielded large differences in percent recovery values,
resulting in some values greater than 100%. Our final method balances recoveries with
time and labor when compared to the traditional extraction method for SPATTs, where
resin is packed into an empty glass SPE cartridge and eluted dropwise via a vacuum
manifold (Fux et al. 2008). These results show that this method can be utilized as a bulk
extraction method with the purpose of screening samples for multiple phycotoxins that
span a wide range in polarity. Note the low percent recovery for PTX2: this indicates that
the relative PTX2 amounts in SPATT extracts throughout our study are likely artificially
low.
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Table 3: Percent recovery of 13 toxins using the final extraction method. The average
percent recovery +/- standard deviation of triplicate samples is reported.
Toxin

Percent Recovery +/standard deviation
MC-RR
156 +/- 15
MC-LR
99 +/- 9
MC-YR
99 +/- 5
AZA1
90 +/- 2
AZA2
118 +/- 9
KmTx 3
90 +/- 11
GDA
152 +/- 29
PTX2
15 +/- 8
PbTx-2*
16 +/- 5
YTX
90 +/- 9
OA
100 +/- 2
DTX2
87 +/- 3
DTX1
88 +/- 5
*Determined in 100% acetonitrile extract
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SPATT EXTRACTION PROTOCOL M.D.O 03/16/2020
Resin Transfer
1. Label 50-mL centrifugal filter tubes (blue cap, filter cup inside).
2. Remove SPATT(s) from freezer.
3. Rinse SPATTs thoroughly under GenPure H2O.
4. Shake out excess water.
5. Carefully remove embroidery hoop, trying not to spill the resin.
6. Using a metal spatula, scrape resin into filter cup inside 50-mL centrifuge tube.
a. Rinse metal spatula with GenPure H2O in between samples.
Domoic Acid Extraction
*Add 1L beaker of ice to bath sonicator prior to start to decrease temperature
below 20C.
1. Label 15 mL centrifuge tubes.
2. Prepare stock of 35% methanol.
3. Add 10 mL of 35% methanol to the filter cup by pipette.
4. Bath sonicate centrifugal filter tubes containing resin for 30 min, no heat.
a. Use a purple centrifuge tube holder for the tubes and place a book on top
to keep tubes submerged in water bath.
b. Use a thermometer to ensure temperature of water in bath does not surpass
20ºC – add ice if needed.
5. Set centrifuge to 10ºC.
6. Remove tubes from bath sonication and place into 50-mL centrifuge tube holders.
7. Balance centrifuge tube holders by weighing each holder and adding GenPure
H2O or DI water from a squirt bottle until all holders are within 1 g of each other.
8. Centrifuge at 1500 rcf for 15 minutes.
9. After centrifuging, remove filter cup from centrifugal filter tube and set aside
carefully.
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10. Pour 35% methanol from centrifuge tube into a labeled 15-mL centrifuge tube.
a. Store 15-mL cent tube in -20ºC freezer for DA analysis by ELISA.
11. Place filter cup back into same centrifugal filter tube.
Bulk Toxin Extraction
1. Label 20 mL scintillation vials – use tough tags (label top & vial).
2. Add 10 mL of 100% methanol to the filter cup by pipette.
3. Bath sonicate centrifuge tube for 30 min, no heat.
o Use a thermometer to check temperature does not surpass 20ºC – add ice if
needed.
4. Keep centrifuge at 10ºC.
5. Remove tubes from bath sonication and place into 50-mL centrifuge tube holders.
6. Balance centrifuge tube holders by weighing each holder and adding MilliQ or DI
water from a squirt bottle until all holders are within 1 g of each other.
7. Centrifuge at 1500 rcf for 5 minutes.
8. After centrifuging, remove filter cup from centrifugal filter tube and set aside
carefully.
9. Pour 100% methanol from centrifugal filter tube into a labeled 20 mL scintillation
vial
o Set 20 mL scintillation vial aside.
10. Repeat steps 2-9.
11. Final extract should be 20 mL of 100% MeOH combined in the same scintillation
vial.
o Store in -20ºC freezer.
12. Repeat steps 2-7 using 10 mL 100% acetonitrile instead of 100% methanol.
o Store 50-mL centrifugal filter tubes with resin and 10 mL ACN extract in
-20ºC freezer.
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APPENDIX C: ENVIRONMENTAL PARAMETERS
Environmental parameters, i.e., salinity and temperature, were evaluated for
correlations with toxin data from 12 sites across the lower Chesapeake Bay (Chapter 2).
1. Correlations
Multiple environmental parameters, including salinity and temperature, were
measured during each sampling event by handheld YSI EXO3. Simple linear regressions
were used to determine whether salinity and temperature correlated to trends in toxin
amounts. Toxin data were assessed against salinity and temperature for each site
individually, and with sites grouped by regions: the northern tributaries (sites 1, 2 and 3),
the southern tributaries (sites 4, 5, and 6), the bayside Eastern Shore (sites 7, 8, and 9),
and the seaside Eastern Shore (sites 10, 11, and 12) (Chapter 2, Figure 1). The regress
function in MATLAB was used for regressions. Log transformations of the toxin data
were used in place of raw data in cases where data were not normally distributed, in
which any zeros were replaced with 1e-10. Correlation coefficients (R2) and p-values are
reported.
SPATT toxin data for OA, DTX1, PTX2, GDA, and AZA2 were assessed for
correlations with salinity and temperature values for each site individually (Table 1), and
for sites grouped by region (Table 2). When sites were grouped together by region, trends
and which sites might be driving the regional relationships became more apparent.
Although these environmental parameters (i.e. salinity, temperature, chlorophyll) alone
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cannot be used as indicators for toxin, the trends described below may be worth further
investigation.
Table 1. Results from linear regressions of SPATT toxin data against salinity and
temperature measured by handheld YSI from each site individually. R2 and p-values
(α=0.05) of the significant correlations are reported.

Toxin

AZA2

GDA

OA

Site
1
2
3
4
5
6
7
8
9
10
11
12
1
2
3
4
5
6
7
8
9
10
11
12
1
2
3
4
5
6

Salinity
R2
0.3559
n.d.
0.2067
0.1380
-0.3577
0.1609
-0.1617
--n.d.
-0.4146
---0.2606
-----n.d.
n.d.
0.4564
--0.2247
0.3894
0.2570

Salinity
p-value
0.0055
n.d.
0.0293
0.0363
-0.0033
0.0381
-0.0417
--n.d.
0.0022
---0.0363
-----n.d.
n.d.
0.0011
--0.0061
0.0074
0.0160
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Temp
R2
-0.3306
n.d.
---------n.d.
0.6424
0.6595
0.7554
0.4423
0.2375
0.3209
0.4561
-0.1705
-n.d.
n.d.
--0.5161
--0.2523
---

Temp
p-value
0.0080
n.d.
---------n.d.
0.00002
0.000004
7.40e-8
0.00003
0.0472
0.0060
0.0001
-0.0361
-n.d.
n.d.
-0.0002
-0.0034
---

DTX1

PTX2

7
8
9
10
11
12
1
2
3
4
5
6
7
8
9
10
11
12
1
2
3
4
5
6
7
8
9
10
11
12

0.4164
0.1774
0.2440
0.2570
-----0.1817
--0.1929
-----------0.1966
--0.0791
-----

0.0003
0.0287
0.0103
0.0160
----0.0425
--0.0408
-----------0.0387
-0.0115
-----

n.d. no data
-- correlation not significant (p>0.05)
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-0.1872
--0.4037
0.2813
0.2438
--0.2411
--0.4509
0.2708
-0.1507
-0.5715
0.4437
0.4410
--0.2317
-0.2479
0.5047
0.4767
-0.4184
0.4094
0.6169
0.5000
0.5296

0.0242
--0.0035
0.0064
0.0142
-0.0203
--0.0032
0.0130
-0.0454
-0.0002
0.0003
0.0004
-0.0233
-0.0037
0.0014
0.0004
-0.0003
0.0004
0.0001
0.0001
0.0001

Table 2. Results from linear regressions of SPATT toxin data against salinity and
temperature measured by handheld YSI from sites grouped into four regions. R2 and pvalues (α=0.05) of the significant correlations are reported.
Salinity R2
Toxin
AZA2

GDA

OA

DTX1

PTX2

Site
NT
ST
BES
SES
NT
ST
BES
SES
NT
ST
BES
SES
NT
ST
BES
SES
NT
ST
BES
SES

0.1335
0.1991
0.1626
--0.1996
0.2053
--0.1505
0.2536
0.2367
--0.1379
0.1230
--0.1274
0.0791
--

Salinity
p-value
0.0028
0.0001
0.0002
-0.0002
0.0001
--0.0014
8.0e-6
0.000005
--0.0014
0.0014
--0.0022
0.0115
--

NT northern tributaries (Sites 1, 2, and 3)
ST southern tributaries (Sites 4, 5, and 6)
BES bayside Eastern Shore (Sites 7, 8, and 9)
SES seaside Eastern Shore (Sites 10, 11, and 12)
n.d. no data
-- correlation not significant (p>0.05)
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Temp R2
-0.1399
---0.6873
0.2200
0.2372
--0.1844
--0.1635
-0.0784
0.1255
-0.2823
-0.0607
0.3279
-0.4609

Temp
p-value
0.0021
---1.50e-17
0.000004
5.0e-6
-0.0004
--0.0006
0.0239
0.0024
-3e-6
0.0479
2e-7
-1.98e-10

Although most relationships observed were weak, some notable trends were
observed in specific regions. For the northern tributaries, every toxin was negatively
correlated with temperature, except for GDA which was positively correlated. For the
southern tributaries, every toxin was positively correlated with salinity. For the bayside
Eastern Shore, every toxin except for GDA was positively correlated with salinity, and
only GDA was positively correlated with temperature. For the seaside Eastern Shore,
every toxin except for AZA2 was positively correlated with temperature, and no toxins
were positively correlated with salinity.
2.1 Okadaic Acid
OA exhibited a positive correlation with salinity for the northern tributaries, the
southern tributaries, and the bayside Eastern Shore. In the northern tributaries, the only
site with this relationship when tested individually was Great Wicomico (site 1), while all
sites within the southern tributaries the bayside Eastern Shore showed this relationship.
While the seaside Eastern Shore data did not display this relationship with salinity, OA
was positively correlated with temperature in this region. Individually, all three seaside
sites showed positive correlations between OA toxin data and temperature. Conversely,
OA was negatively correlated with temperature for the northern tributaries, with this
relationship seen in only one site, the Rappahannock (site 2).
2.2 Dinophysistoxin-1
DTX1 positively correlated with salinity for the southern tributaries and the
bayside Eastern Shore. The correlation between DTX1 and salinity for the southern
tributaries is likely driven by this relationship at only one site, Lynnhaven (site 6). The
weak correlation between DTX1 and salinity for the bayside Eastern Shore is surprising,
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as none of the bayside Eastern Shore sites exhibited this relationship individually.
Additionally, Gwynn’s Island (site 3) exhibited a weak negative correlation with salinity
that was not strong enough to drive this relationship when all 3 sites within the northern
tributaries were combined. DTX1 exhibited positive correlations with temperature for the
southern tributaries and the seaside Eastern Shore, but a negative correlation for the
northern tributaries. In the southern tributaries, two of the 3 sites individually exhibited
this positive relationship, as did all 3 of the seaside Eastern Shore. In the northern
tributaries, a negative correlation with temperature in only the Rappahannock (site 2)
drove this relationship.
2.3 Pectenotoxin-2
PTX2 only exhibited correlations with salinity for one site within the southern
tributaries, Lynnhaven (site 6), and one site within the bayside Eastern Shore,
Nassawadox (site 8), and these relationships remained significant in regional correlations.
PTX2 was negatively correlated with temperature for the northern tributaries, but
positively correlated with temperature for the southern tributaries and the seaside Eastern
Shore. The correlation for the northern tributaries is likely driven by the negative
correlation between these parameters at one site, the Rappahannock (site 2). Two of three
sites for the southern tributaries, and all three sites for the seaside Eastern Shore exhibited
a positive relationship between PTX2 and temperature. Interestingly, though 2 of the 3
bayside Eastern Shore also sites exhibited this positive relationship, it was not seen when
data from all 3 were combined.
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2.4 Goniodomin A
The northern tributaries exhibited a negative relationship between GDA and
salinity, while the southern tributaries showed a positive correlation. These relationships
were driven by corresponding correlations at one site in each region, Gwynn’s Island (site
3) and James (site 5). GDA was positively correlated with temperature for most sites. The
northern tributaries, southern tributaries, and bayside eastern shore each showed positive
correlations between GDA toxin data and temperature. The only site within these three
regions that did not show this relationship significantly was the bayside Eastern Shore
site of Nassawadox with an R2 of 0.1337 and a p-value of 0.0607. Within the three
seaside Eastern Shore sites, the only extracts with detectable GDA were from Wise Point,
and no significant correlations were seen between temperature or salinity for this site or
the seaside Eastern Shore sites combined.
2.5 Azaspiracid-2
AZA2 was positively correlated with salinity for half of the sites in which it was
detected. When considering the sites grouped together by region, salinity was correlated
with toxin data for the northern tributaries, the southern tributaries, and the bayside
Eastern Shore, and this relationship was strongest for the southern tributaries. For the
northern tributaries, both sites with detectable AZA2 showed this trend. Within the
southern tributaries, AZA2 toxin data for the York (site 4) and Lynnhaven (site 6) were
both correlated with salinity, but not for the James (site 5). Likewise, for the bayside
Eastern Shore, Onancock (site 7) and Cherrystone (site 9) were both significantly
correlated with salinity, but Nassawadox (site 8) was not. For the seaside Eastern shore,
no sites showed an individual significant correlation between salinity and AZA2 toxin
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data. Only one site, the Great Wicomico (site 1), showed a correlation (negative) between
temperature and AZA2 toxin data, and this relationship remained significant when data
for the northern tributaries were grouped together.
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